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The longwall mining method is a commonly used method of coal extraction that 
involves the complete removal of large, rectangular panels of coal. Since it caus-
es subsidence through the overlying strata to the ground surface, the surface- 
and ground-water above the longwall panels may be affected and drained into 
the lower levels. The purpose of this study is to determine the effects of longwall 
mining subsidence on surface- and ground-water systems by using a groundwa-
ter flow model: Ground Water Vista (GWV). 
To setup the GWV model, the Globe Information System software (ArcMap) 
was used to determine the geometry and boundary conditions of GWV model. 
AutoCAD software was used to draw local geological cross-sections and analyze 
geologic formations of overburden strata. The final and dynamic subsidence pro-
files were plotted to determine the surface strains during the water table fluctua-
tion periods. The slug tests were used to determine hydraulic conductivities of 
overburden strata. The recharge rates and evaptranspiration rate were obtained 
from field tests as input parameters in the GWV models.  
Subsidence monitoring monuments were installed across the longwall panels 
to measure the subsidence before, during and after the longwall face passed un-
der them. Additionally, extensometers in three different borehole locations were 
installed to monitor the overburden strata movements.  
For recording the water level fluctuation, three water wells were drilled down 
to the proposed deformation and fractured zones to monitor the different water 
level fluctuations throughout the mining period. These water elevation records 
were used to calibrate the groundwater flow models. 
The hydraulic conductivity is a measure of the rock’s ability to transmit water 
when subjected to a hydraulic gradient. It is an important quantitative parameter 
characterizing the flow of groundwater. Slug tests were performed to determine 
the rock hydraulic conductivity of pre- and post-mining conditions. 
A GWV model was used to predict the water table contours for the periods of 
pre- and post-mining conditions. The field data from the three water wells were 
used to calibrate the model.  
Based on the analysis of final subsidence, extensometer readings, water ta-
ble fluctuations and numerical modelings, it was concluded that: 
` 
The water bearing zones of overburden strata occur at the bedding-plane 
openings between different rock types. The main water bearing zones in the 
study area occur in the lower and middle members of the Waynesburg Formation  
The water table drawdown contour lines after longwall mining showed that 
the maximum water table drawdown was 50 ft, which was at the edge of panel 
B5. In general, the water table drawdown was larger around the recovery room 
than the setup room. The water table drawdown was smaller over the streams 
than the other areas. The water table dropped about -5, -22, -28 and -41 ft for the 
W1, W2, W3 and W4 intermediate wells, respectively. The maximum influence 
distance of the post-subsidence water table drawdown in the northern side was 
2,911 ft from the edge of panel B5, and 1,688 ft in the southern side (downside) 
from the edge of panel B6. It indicated that the influence of water table drawdown 
after longwall mining was localized and did not affect the water table more than 
about 3,000 ft beyond the mined out panels. 
The hydraulic gradients of post-subsidence outside the panels became larger 
and smaller inside the panels than that of the pre-subsidence. The maximum wa-
ter table drawdown was 50 ft at the tailgate of panel B5, near the recovery room 
of panel B5. The maximum drawdown in panel B6 was 35 ft at the recovery room 
of panel B6. It was concluded that the groundwater hydraulic heads above the 
longwall panel dropped a maximum 50 ft in panels B5 and B6. Therefore, the 
shallows wells that were less than 50 ft deep from the surface were affected by 
longwall mining subsidence. For the intermediate wells that were more than 85 ft 
deep (W2I), and strata movement acted as a unit during longwall mining subsi-
dence, i.e., it was not disturbed by longwall mining subsidence, the water eleva-
tions might drop due to the passing of tension cracks associated with the dynam-
ic subsidence but rebounded quickly after longwall mining subsidence. Therefore, 
there were little impacts of longwall mining on the intermediate wells in the study 
area. For the deep wells that were located below the Waynesburg Sandstone, 
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Ho   Drawdown at time t=0 (L) 
H   Drawdown at time t=t (L) 
A    The cross sectional area [L2] 
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h1   The height of the inlet head [L]  
h2   The height of the outlet head [L] 
l    The path length of the flow [L] 
K    Hydraulic conductivity [L/T] 
k
   Permeability [L2] 
    Density of the fluid [M/L3] 
g    Acceleration of gravity [L/T2] 

   Absolute viscosity of the fluid [N s/m2] 
    The specific weight of water [ML-2T-2]) 
   The compressibility of the bulk aquifer material [LM-1T2]) 
n   The porosity of the material 
   The compressibility of water [LM-1T2] 
S   Specific storage 
T   Transmissibility 
T   Time 




CHAPTER 1. INTRODUCTION 
1.1 Purpose and Scope 
1.1.1 Purpose 
The purpose of this study is to determine the effects of longwall mining subsi-
dence on surface- and ground-water system by using a groundwater flow model: 
Groundwater Vistas (GWVistas)  
Longwall mining is a highly productive underground mining method in which 
a panel or a block of coal is completely extracted. The panel is typically around 
1,000 ft wide and 10,000 ft long or more. The recovery ratio in a given coal seam 
reaches 80% of total virgin coal block. In the past decades, longwall production 
and productivity grew rapidly due to significant improvements in longwall equip-
ment and mining technology. When a longwall panel of sufficient width and 
length is excavated, the overburden roof strata are disturbed in order of severity 
from the immediate roof to the surface (Peng, 2008). Therefore, loss or interrup-
tion of streams and overburden aquifers is a common concern in the coal indus-
try, and among the landowners and environment groups. This study will analyze 
the potential effects of longwall mining on the subsurface water systems 
The degree of dewatering of groundwater depends on the position in the 
zones of disturbance induced by longwall mining. Subsidence induced fractures 
and bed separations generally increase hydraulic conductivity and storativity over 
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the affected overburden strata, and enhance hydraulic connections between the 
aquifers and the mined excavation. Figure 1.1 shows the four zones of distur-
bance in the overburden strata in response to longwall mining. The panel coal 
has been extracted and the immediate roof is allowed to collapse into the void 
that is left as the face retreats. The immediate roof strata break into irregular 
shapes - until the piles of the fallen rock fragments fill up the void and support the 
overhanging strata. The effective porosity and storage capacity in this zone are 
much higher than those of the original insitu condition. The water contained in the 
caved zone, which is typical 2 to 8 times the mining height, is completely drained 












Figure 1.1 Overburden movement induced by longwall mining (Peng, 2006) 
The fractured zone is located above the caved zone, in which the strata 
break into regular blocks by vertical or sub-vertical fractures due to bending, and 
horizontal cracks due to bed separation that form along the pre-existing planes of 
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weakness, and by the separation of beds as strata bend during subsidence. Min-
ing induced fracturing and bedding separation increase the vertical and horizon-
tal hydraulic conductivity and storativity of the strata. The lower fractured strata 
usually have a larger vertical and horizontal conductivity than that of the upper 
strata. The water table in this zone flows downward to the caved zone due to 
gravity and flows horizontally along the bed separations  
The surface soil/rock crack zone consists of two types of cracks. One is the 
original surface cracks induced by the tectonic tensile stress due to structural 
geological activities such as volumetric shrinkage, temperature change, and dif-
ferential settlement. It extends around 50 ft below the surface (Stoner, 1987). 
Another one is the secondary cracks induced by surface subsidence. The depth 
and pattern of surface cracks induced by subsidence depend on rock mass 
properties and overburden depth. 
Between the fractured zone and surface crack zone is the continuous defor-
mation/aquiclude zone. The strata in this zone deform gently without causing any 
major cracks that extend long enough to cut through the thickness of the strata, 
as in the fractured zone (Peng, 2006). The groundwater flows horizontally along 
the bedding planes, causing very little vertical seepage to the lower strata be-
cause little change occurs in the rock permeability characteristics. 
The following five items of interest are discussed in this study: 




2) Survey of subsidence - induced surface movement including longitudinal 
and transverse horizontal displacements along the longwall face 
3) Monitoring the overburden strata movement by installing borehole exten-
someters. 
4) Field tests and computer modeling to determine the hydraulic conductivi-
ty. 
5) Development of a groundwater system model to determine the water ta-
ble fluctuation during pre- and post-longwall mining periods 
1.1.2 The scope of study area 
The project study area is located at 265 Quiet Valley Road in Greene County, 
Pennsylvania, on a farm owned by Mr. William Patton (Figure 1.2). It is located 
within the Garrard Fort Quadrangle in Whiteley Township. The physiography of 
the site can be described as topographically variable hillside settings. The pros-
pected mining block is block B and the groundwater loss evaluation is located in 
Panel B5 and Panel B6. Water table monitoring piezometers and rock strata de-
formation extensometers were installed above these two panels in order to moni-
tor the water table fluctuation and overburden rock strata movement during long-
wall mining period. 
The study area is surrounded by three big watersheds (Figure 1.3). The 
South Fork of Tenmile Creeks is located in the north is a 3rd order stream that 
has a drainage area of 338 square miles. Tenmile Creek flows from South Frank-
lin Township, Washington County, PA and drains east for approximately 12 miles, 
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serving as the northeastern border between Washington and Greene County, 
and eventually empties into the Monongahela River at Millsboro.  
Whiteley Creek that is located in the south of the study area has a total drai-
nage area of 54.4 square miles. It originates in Whiteley Township and flows east 
to the Monongahela River.  
The 128-mile Monongahela River starts at Fairmont, WV, and ends at Pitts-
burgh, PA where it meets the Allegheny River, and forms the Ohio River in Pitts-
burgh, PA. Generally flowing northward, the Monongahela River is formed by the 
Tygart River and the West Fork River about 1.4 miles above Fairmont, WV. In 
the State of West Virginia, the Monongahela River traverses Marion and Monon-
galia Counties and flows for approximately 37 miles to the Pennsylvania - West 
Virginia border. 
 





Figure 1.3 The surface watersheds of the study area 
This study is a site-specific hydrogeologic analysis conducted before, during, 
and after mining at a site located over two selected longwall panels. Data from 
subsidence and groundwater monitoring over the study panels were collected, 
compiled, and analyzed to provide documentation of the mechanics of groundwa-
ter fluctuations. The study deals specifically with water level fluctuations in aqui-
fers utilized for domestic water supplies. 
1.2 Literature Review 
A review of potential longwall mining impacts on groundwater system is neces-
sary to better understand the dewatering effects of longwall subsidence on sur-
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face/subsurface water resources (Hobba, 1981; Stoner et al., 1987; Hill and Price, 
1983; Peng, 2008).  
1.2.1 Hydraulic effects of longwall mining 
Longwall mining extracts a large rectangular panel of coal, causing rapid subsi-
dence of overlying strata and the ground surface, and producing a trough over 
the longwall panels (Booth et al., 2002). Surface subsidence develops new ver-
tical and horizontal fractures, enlarges bedding separations and changes the sto-
rativity, conductivity and transitivity of the overlying strata. These changes may 
cause the water level to lower in the overlying aquifers. One response is dewa-
tering from confined to unconfined conditions in the overlying aquifers as a result 
of loss of water into new void spaces. Very few shallow aquifers or water bearing 
zones in the subsidence trough area will remain confined (Booth, 2007). 
Booth (2006) analyzed the dewater effect along the longwall face. The panel 
edges experience tension stresses, shear deformations, and tension cracks at 
the ground surface. The ground subsides rapidly and bedding separation is en-
larged. The hydraulic head in the panel edges drops to lower levels. In the inte-
rior of the subsidence trough, a compression stress phase causes fractures to 
partially close. The water table will recover to its original level or even higher due 
to the secondary permeability induced by subsidence.  
Drained water supplies located adjacent to the longwall panel edges exhibit 
greater recovery than those over the panel center, except near the streams 
(Walker et al., 1986; Hill and Price 1983). Post-mining water supply recovery is 
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variable, with partial recovery typically occurring. Recovery time varies from days 
to tens of years. In some cases, the water resources maybe permanently lost. 
Zhang et al. (2004) analyzed the relationship between the height of the de-
watered zone and mining conditions, and mining height and uniaxial compressive 
strength of the overburden lithology, and developed an empirical formula (Equa-
tion 1.1) and Table 1.1. The height of the dewatered zone using mining parame-
ters for the Appalachian region is smaller than that observed in China. The rea-







   
(1.1) 
where: 
H=maximum mining height (meter) 
M=mining height (meter) 
a, b= coefficients depending on the overburden strata lithology (see Table 1.1) 
c= mean square deviation (See Table 1.1) 
Table 1.1 parameters for determining the height of dewatering zone (Zhang et al., 
2004) 
Strong strata Medium strata Weak strata
UCS>40 Mpa UCS=20-40MPa UCS<20 Mpa
a 1.20 1.60 3.10 5.00
b 2.00 3.60 5.00 8.00





*1 Mpa=145 psi 
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The hydraulic effects induced by longwall mining are vertically stratified (Coe 
et al., 1984; Booth, 2002; Peng, 2006; Kendorski, 2006). Five zones of overbur-
den strata movement are defined based mainly on groundwater effects. The 
caved zone is a highly rubblized zone extending upward 6 to 10 times the mining 
height. The fractured zone is massive block-type caving and inclined or vertical 
transmissive fractures extending upward 24 to 30 times mining height. The 
groundwater in the above two zones drain directly into the gob (Hasenfus et al., 
1988). The dilated zone or continuous deformation zone is a zone of increased 
groundwater storage with dilated fractures and horizontal movements along the 
weak-strong strata interfaces. The dilated zone consists of two zones, a lower 
dilated zone and upper aquiclude zone. A lower dilated zone increases the strata 
storativity but with no direct or effective hydraulic connection to the lower strata 
or the fractured zone. The upper aquiclude zone that is not affected by the long-
wall subsidence deformation changes permeability very slightly. Shale, claystone 
and clay generally act as confining beds restricting the downward movement of 
water. The surface crack zone potentially has vertically transmissive surface 
cracks and disruptions extending from the surface to 50 ft deep. The surface 
cracks typically near the margins of the panels tend to remain open permanently, 
whereas those in and around the center of panel will open and close as the 
longwall face comes and goes (Peng, 2008). Figure 1.4 shows the hydraulic 




Figure 1.4 Hydraulic changes in the overburden induced by longwall subsidence (Ken-
dorski, 2006) 
The hydraulic response of overburden strata to longwall mining is also de-
scribed by other researchers in different ways (Hasenfus et al., 1988; Sloan et al., 
1995; Li, et al., 2003). Four distinct zones of overburden strata movement and 
their hydraulic characteristics are defined (Figure 1.5) as follows. 
The caved zone and fractured zone are located immediately above the coal 
seam. These two zones provide an effective conduit between the overlying aqui-
fers and the gob, which is either directly intersected by or hydraulically connected 
to these two zones (Liu, 2003). The caved zone and fractured zone are com-
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bined into the dewatered zone. The thickness of the dewatered zone is assessed 
to be 30 to 33 times of mining height (Hasenfus et al., 1988). 
The constrained zone is a relatively unfractured zone characterized by occa-
sional shear dilation, bed separations and horizontal slippage along the weak-
strong rock interfaces, with little vertical fracturing. This zone should form an ef-
fective barrier to prevent hydraulic connections between the overlying aquifers 
and the dewatered zone. This zone is greater than 12 times of mining height (Liu 
et al., 2003). 
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Loose caved block of rock
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Figure 1.5 Conceptualized representation of overburden response (Sloan et., al 1995; Li, 
2003)) 
The area within about 50 ft from the surface is defined as the surface zone. 
This zone consists of surface soils and relatively weathered strata, which are 
susceptible to fracturing and movements due to flexuring of the underlying strata. 
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Little resistance to fracturing is present due to the lack of horizontal constraint. In 
general, horizontal tensile stress occurs at the panel edges and compressive 
stress is observed at the panel center. (Hasenfus et al., 1988). 
Hill et al., (1984) and Leavitt et al., (1992) concluded that the constrained 
zone is isolated from major hydraulic impacts caused during mining by an aqui-
tardal layer which retained its confining properties during and after subsidence. 
The thickness of constrained or unaffected zone should be 45*H+33 ft or more (H 
is mining height) (Li et al., 2003). Owili-Eger (1983) found the minimum overbur-
den thickness without dewatering and concluded that the water levels in aquifers 
located at least 330 ft above the coal seam usually recovered to pre-mining le-
vels after a couple of months or years of mining.  
Bartsch et al., (2005) studied the impacts of longwall mining hydrology on soil 
moisture and tree health and found that although the shallow and deep wells 
were affected by longwall mining, soil moisture did not diminish and tree growth 
and vigor were not significantly changed compared to the control site where there 
were no hydraulic impacts. The study showed that there was no evidence to indi-
cate that longwall mining had any deleterious effect on available soil moisture or 
vegetation. 
1.2.2 Hydraulic effect of surface topography 
Carver, (1992), and Johnson and Siddle, (1992) showed that in high relief areas, 
topography exhibits hydrologic control by isolation of perched or semi-perched 
aquifers on hills. This isolation limits their storage capacity and the area for aqui-
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fer recharge and therefore causes water supplies developed in hilltop aquifers to 
be very susceptible to mine subsidence dewatering. Wyrick and Borchers (1981) 
indicated that the most permeable fractures are located beneath the stream val-
ley where there is a resultant upward stress, that causes the bedding plane to 
separate. Significant natural fracturing also appears along the margins of valleys 
and hillslopes. On hilltops and in the core of hills, however, permeability is low 
because the areas are in a state of compression (Figure 1.6) 
 
Figure 1.6 Generalized geologic section showing features of stress-relief fracturing and 
associated groundwater flow (Ferguson, 1974) 
Johnson (1992) indicated that hilltop and hillside streams/springs commonly 
experience partial to complete dewatering due to less recharge source and rapid 
surface water runoff. 
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Elsworth and Liu (1994) developed a finite element model to test the sensitiv-
ity of the induced strain field to ground surface topography: the impacts of long-
wall mining on water wells are mainly controlled by topography. Three topograph-
ic settings: subplateau, subhilltop and subvalley were evaluated. The model 
shows that the wells located on hilltops and hillsides seem likely to experience 
some loss or shift in water supply location downslope. The topographic influence 
on the mining-modified conductivity field diminishes at the depth, and increases 
in the subhilltop mining environment. The conductivity field in upland areas in-
stead of around the panel is the most changed in subvalley mining environment. 
Carver (1994), in his thesis, summarized the effects of topography on surface 
water resources: hilltop supplies experience the greatest impact and valley bot-
tom supplies experience the least impact. Hillside supplies are intermediate. 
When these trends are compared to relative water supply locations over the 
longwall panels, the role of topography still exhibited the greatest control.  
Leavitt and Gibbens (1992), and Werner and Hempel (1992) demonstrated 
that in high relief areas, topography exhibits hydrologic control by isolating 
perched or semi-perched aquifers beneath the hills. This isolation limits their sto-
rage capacity and areas for aquifer recharge. The enlargement of fractures from 
subsidence effectively drains groundwater from hill aquifers. The lost groundwa-
ter from the hilltop aquifers has been observed to resurface as lower elevation 
springflow or streamflow near the valley bottom (Tieman,1986; Tieman et al., 
1992; Shulta 1988; Rauch 1989). Because of the vulnerability of hilltop aquifers, 
hilltop and hillside wells and springs commonly experience partial to complete 
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dewatering and also no recovery. Water levels are generally much lower beneath 
the hills following undermining and experience a greater fluctuation, while water 
levels beneath the valleys generally recover to near or greater than the pre-
mining levels (Shutlz, 1988; Johnson, 1992). 
1.2.3 Hydraulic effect of overburden depth 
Bowers (1979), Cifelli and Rauch (1986), and Dixon and Rauch (1990) sug-
gested that over thin overburdens (<200 ft), the lost stream waters flow to the 
mine through subsidence fractures. Water resources with overburden separa-
tions above the longwall greater than 300-500 ft are not directly affected by the 
mine voids, caved zone, and lower fracture zone because of sufficient vertical 
separation from the mine (Dixon and Rauch, 1990; Leavitt and Gibbens, 1992). 
Where the overburden is thick (>500 ft), research has shown that impacts on 
streamflow from longwall mining do not persist any longer than three years. 
(Tieman and Rauch, 1987; Dixon and Rauch, 1990). Subsequence recovery of 
wells and streams occurs following closing of fractures and infilling of fractures by 
soil and alluvium (Singh and Kendorski, 1981). Rauch et al. (1984) reported that 
shale and clay in the overburden lithology are found to act as confining units to 
perch waters and reduce their downward migration. The most effective confining 
lithology is clays because of their ability to seal the subsidence fractures (Rauch 
et al., 1984). 
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1.2.4 Hydraulic effect of panel width to overburden depth ratio  
Several researchers also illustrated that the groundwater flow system is related 
to the ratio of panel width (W) to overburden depth (H) (Gale, 2006; Carver, 
1994). The greater the panel width, the great the severity of disturbance of the 
overburden strata, which may result in more secondary permeability (fractures, 
bedding planes, joints) above the longwall face.  
An analysis (Carver, 1994) of W/H ratio was made on the 49 water supplies 
with known dewatering strata over the subsided longwall panels (Table 1.2). The 
ratio ranged from 0.64 to 1.39, while the panel widths ranged from 540 to 910 ft. 
The results of the analysis showed that the dewatering impacts are present from 
W/H=0.65 to 1.35 for all supplies and for W/H=0.7 to 1.1 for springs. A compari-
son of dewatering impacts with the W/H and the topographic position of water 
supplies showed that as the W/H increases the number of supplies that expe-
rience dewatering gradually decreased. Carver (1994) suggested, in mountain 
areas, a topographic control rather than controlled by the width of the panel.  
Gale (2006) demonstrated that longwall panels, for situations of normal rock 
head without significant aquicludes, and with a width to depth (W/H) ratio above 
one have a high probability of connection and inflow to mined void. Panels with a 
width to depth ratio less than approximately 0.4 have not exhibited any connec-
tion to the mined void. Panels of width to depth of approximately 0.75 have exhi-
bited connection to the mined void (Figure 1.7). W/H=0.75 is considered to 
















104 600 893 0.67 ND S
3 540 760 0.71 ND S
15 (5/20/92) 690 958 0.72 CD-NR S
16 (5/20/92) 690 923 0.75 CD-NR S
14 (5/20/92) 690 918 0.75 CD-NR S
13  (1/18/92) 690 903 0.76 CD-NR S
68  (1/18/92) 690 910 0.76 PD-R S
69  (1/18/92) 690 893 0.77 F-I V
94 670 833 0.80 F-I S
112 800 983 0.81 CD-NR S
163 675 813 0.83 ND S
164 675 813 0.83 ND S
82 800 963 0.83 CD-NR H
17  (1/18/92) 690 818 0.84 F-I V
103 760 883 0.86 CD-R S
102 760 883 0.86 F-I S
135 910 1038 0.88 F-I S
35 700 789 0.89 ND S
95 670 733 0.91 ND V
136 870 933 0.93 CD-R S
85 700 743 0.94 CD-NR V
46 700 718 0.97 PD-R V
172 670 678 0.99 ND V
81 780 783 1.00 CD-NR S
141 870 853 1.02 ND V
162 800 768 1.04 CD-NR S
80 780 743 1.05 F-I S
139 870 828 1.05 ND V
86 780 738 1.06 F-I S
77 690 651 1.06 ND V
100 800 753 1.06 CD-NR S
138 870 811 1.07 ND V
170 800 743 1.08 F-I S
83 780 709 1.10 CD-R V
36 780 680 1.15 PD-R V
144 880 746 1.18 ND V
131 800 668 1.20 ND V
124 800 662 1.21 ND V
78 790 652 1.21 ND V
99 800 659 1.21 PD-R S
173 850 693 1.23 F-I V
174 850 678 1.25 F-I V
129 800 638 1.25 ND V
72 850 673 1.26 ND V
125 800 624 1.28 ND V
75 850 651 1.31 ND V
126 800 599 1.34 ND V
71 850 633 1.34 PD-R V
143 880 643 1.37 ND V  
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where in the table: 
F-I-P  Spring flow increase post mining; 
ND   No apparent dewatering; 
PD-R  Partial dewatering with recovery 
PD-NR  Partial dewatering with No recovery 
CD-R  Complete dewatering with recovery 
CD-NR  Complete dewatering with No recovery 
S    Hillslope topographic position 
V   Valley topographic position 
H   Hilltop topographic position 
 
 




1.2.5 Groundwater modeling 
A groundwater model is a numerical or physical method that represents an ap-
proximation of the groundwater situation (Anderson et al., 1992). Physical mod-
els are to setup a similar simulation experiment in the laboratory to simulate the 
real-work groundwater system. A mathematical model simulates the groundwater 
flow system indirectly by means of a governing equations thought to represent 
the physical processes that occur in the system, together with equations that de-
scribe heads or flows along the boundaries of the model (Anderson et al., 1992). 
1. Finite element model (FE) to calculate the mining-induced strain and 
post-mining conductivity (Liu, 1996). 
A non-linear, three-dimensional finite element model was designed to evaluate 
the complex hydro-mechanical coupling process of flow-deformation and diffu-
sion-deformation resulting from underground longwall mining. The FE model is 
used to develop the strain field and pre-mining conductivity around the longwall 
panel. In addition, the post-mining hydraulic system is defined by the nonlinear 
FE model. The governing equation of steady state groundwater flow is defined as 














Kx, Ky, Kz conductivities of components along, X, Y, and Z direction, respectivly 
H   piezometric head 
x, y, z  orthogonal coordinate system 
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There were two longwall mining cases in Liu’s research. One panel was 902 
ft wide and 246 ft deep and the other was 600 ft wide and 705 ft deep. FE mod-
els indicated that the water level in shallow aquifers may not decline but may ac-
tually rise in most monitoring wells because groundwater from the aquifer cannot 
drain into the mine. In case two (Liu, 1996), the shallow aquifer is hydraulically 
isolated from the mine and that the deep aquifer remains hydraulically connected 
with the mine. 
 
Figure 1.8 Contour of ratios of post-mining vertical conductivity to pre-mining conductivity 
2. FLAC, 3DEC, and UDEC models to calculate the fracture spacing and 
seepage flow 
Flow through a massive rock can be simulated either as a continuum model 
(FLAC) or a discrete model (3DEC and UDEC). FLAC is the abbreviation of Fast 
Lagarangian Analysis of Continua. FLAC models the flow of fluid through a per-
meable solid. It could be used for high porosity rocks or rocks with less random 
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discontinuities for which material and geometrical properties are not available. In 
contrast, if the fluid flow is mainly dominated by discrete fractures and joints, the 
3DEC/UDEC model is more appropriate. (Indraratna, 1999).  
The FLAC model indicates that the slow dissipation of pore pressure causes 
displacements to occur in the soil/rock. Initially, changes in pore pressure cause 
changes in effective stress, which affects the response of the solid. Second, the 
fluid in a zone reacts to mechanical volume changes by a change in pore pres-
sure. 
Another application of FLAC is to simulate rock fractures, caving, stress redi-
stribution and mining induced hydraulic conductivity above the longwall panels 
(Gale, 2007). The hydraulic conductivity value is estimated based on K=t3*106 (t 
is hydraulic aperture of the fracture). 
Flow through a fractured rock mass can be simulated by 3DEC (or UDEC) 
models. They are used to simulate the hydro-mechanical flow model for under-
ground excavation in a fractured rock mass. The influence of external loading on 
joint deformation and single-phase flow showed that the surface roughness and 
aperture size are the prime factors influencing the flow rate (Ivars, 1999).  
3. COSFLOW 
COSFLOW model is an integrated approach in assessing the impact of mining 
including a new 3-D coupled mechanical two-phase double porosity finite ele-
ment code (Guo et al., 2006). COSFLOW is developed by CSIRO (Australia’s 
Commonwealth Scientific and Industrial Research Organization) and NEDO and 
JCOAL of Japan. It involves a combination of site geotechnical and hydro-
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geological characterization, study of surface subsidence and subsurface rock 
caving mechanisms, monitoring of pore pressure changes of the surrounding 
strata and underground water inflows and 3-D numerical modeling. COSFLOW 
incorporates unique features that make it ideal for simulation of coal mining and 
examining the interaction between rock fracture, aquifer interference and water 
flow. Another application of COSFLOW is to simulate rock deformation and water 
flow during longwall mining 
4. MODFLOW  
MODFLOW means modular three-dimensional finite difference groundwater flow 
model (USGS, 1983). It is used to simulate systems for water supply, contain-
ment remediation and mine dewatering. When properly applied, MODFLOW has 
been recognized worldwide as the standard groundwater flow model used by 
courts, regulatory agencies, universities, consultants, and industries. 
MODFLOW is designed to simulate aquifer systems in which (1) saturated 
flow conditions exist, (2) Darcy's Law applies, (3) the density of ground water is 
constant, and (4) the principal directions of horizontal hydraulic conductivity or 
transmissivity do not vary within the system. These conditions are met for many 
aquifer systems for which there is an interest in the analysis of ground-water flow 
and contaminant movement. For these systems, MODFLOW can simulate a wide 
variety of hydrologic features and processes. Steady state and transient flows 
can be simulated in unconfined aquifers, confined aquifers, and confining units. A 
variety of features and processes such as rivers, streams, drains, springs, reser-
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voirs, wells, evapotranspiration, and recharge from precipitation, and irrigation 
also can be simulated (USGS, 1997). 
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Stead state flow in homogeneous isotropic confined aquifer is: 
(Steady flow means that the flow rate, piezometric head, and amount of fluid 




 h h h S h
T tx y z






h  piezometric head 
K  hydraulic conductivity 
S  storage coefficient,  S=bSs 
b   aquifer thickness 
Ss  specific storage 
T   transmissibility, T=bK 
t  time 
x, y, z orthogonal coordinate system 
1.3 Research Purpose and Methodology 
As discussed in the “Literature Review” section, previous researchers have stu-
died the dewatering effects of longwall mining on overburden strata, surface 
streams subsurface aquifers, overburden depth, geometry of longwall panels, 
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surface topography, and surface vegetation. However, none of them has simu-
lated the changes in groundwater flow systems for pre- and post-mining condi-
tions with a numerical model. 
This study use a numerical model to simulate the water level changes in 
overlying aquifers related to ground subsidence due to longwall mining.  
In order to develop a hydraulic numerical model, the following main tasks 
should be considered: 
Task 1: Analysis of local/ regional geologic settings 
Task 2:  Determination of the overburden strata movement  
Task 3: Monitoring the surface subsidence  
Task 4: Monitoring the water level fluctuation during the pre- and post-mining 
periods 
Task 5: Perform the slug tests to determine the hydraulic conductivity during 
the pre- and post-mining periods. 
Task 6:  Develop a groundwater flow model to simulate water flow and trans-
portation over the mined panels. 
Tasks 1 are fundamental work for the development of numerical models. 
They deal with model geometry, geological setting, boundary conditions and lo-
cations, rock mechanic properties (compressive strength, tensile strength, Pois-
son’s ratio, Young’s Modulus, etc.), and rock porosity. Task 2 is to monitor the 
final subsidence and dynamic subsidence. It supports Task 3 to analyze the 
overburden strata displacement. Task 4 calibrates the groundwater flow model 
with water levels of pre- and post-mining conditions of panels B5 and B6. The 
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hydraulic conductivity, recharge and evaportranspiration in Task 5 are the input 
parameters to develop groundwater flow model. The purpose of research in Task 
6 is to develop a groundwater flow model to simulate the water flow and transpor-
tation over the mined panels B5 and B6.  
1.4 Description and Construction of Study Area 
1.4.1 Site description 
The study site was selected due to the following reasons (Figure 1.2): 
1) The proposed study panels had known geologic and hydrologic conditions. 
2) The mining height, overburden depth, and geological conditions were repre-
sentative of the regional mining conditions. 
3) There was no disturbance to the groundwater system caused by pre-
vious/adjacent mining activities. 
4) The surface landowner was very cooperative. 
The study site was located in Greene County, the southwestern most corner 
of Pennsylvania; Greene County is 89.2 percent rural; with a population of about 
41,000 residents; and a land area of 579 square miles. The study area overlies a 
portion of two contiguous longwall panels (Panels B5 and B6). 
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1.4.2 Mining conditions 
The longwall panels under the study area were Panels B5 and B6. (Figure 1.9). 
The overburden depth varied from 600 ft to 900 ft. The average mining height 
was 7 ft, Panel length of panels B5 and B6 were 12,000 ft and 5,700 ft, respec-
tively. The panel width for both panels B5 and B6 was 1,433 ft. The headgate 
and tailgate entry widths were 16 ft. The chain pillar system between Panels B5 
and B6 was 200 ft wide. The average longwall face retreat rate was 30-50 ft/day 
when the longwall face was mining under the study area.  
 
Figure 1.9 Layout of longwall panel B5 and B6 
1.4.3 Subsidence monitoring program 
Subsidence profiles were predicted by the CISPM program (Peng et al., 1990) for 
panels B5 and B6 before the surveying monuments were installed (Figure 1.10). 








buted across the longwall panel. The horizontal displacement, slope, curvature, 
and strain are larger at the panel edges where changes are more rapid than 
those at the panel center. The interval of surveying monuments was arranged 
according to the strain profile (Figure 1.11). The more rapid the changes of strain, 
the smaller the intervals between the monuments. 
The array of monuments consists of a line perpendicular to the mining direc-
tion for the final subsidence and a line parallel to the mining direction for the dy-
namic subsidence. A total of 57 transverse surveying monuments were installed 
from the center of panel B5 to the center of panel B6 (points P1 to P57 in Figure 
1.12). The monument interval at the panel edges over the chain pillar system be-
tween panels B5 and B6 is 20 ft due to rapid strain change. The monument inter-
vals at the center of the panels, where the strain changes uniformly, vary from 50 
to 100 ft depending on local topographic conditions. The total length from point 1 
to point 6 is 280 ft, and there are 6 surveying points. The interval between point 6 
and point 51 is 20 ft, and the distance between them is 980 ft. There are 6 sur-
veying points from point 51 to point 57, and the distance is 400 ft (Figure 1.10). 
The two 20 longitudinal survey monuments with 50 ft interval are to monitor 
the dynamic subsidence for panels B5 and B6, respectively.  
The survey monuments were installed on the ground surface. In order to 
avoid the influence of measurement errors due to the frozen depth of soils in the 
winter, the monuments were constructed of a 4 ft long steel bar and driven entire-
ly into the ground surface (Figure 1.11). Figure 1.12 shows the layout of survey-
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C. Slope profile of Panel B5 and B6                   D. Curvature profile of Panel B5 and B6 
Figure 1.10 Predicted surface subsidence and deformation profiles over panels B5 and 
B6 using CISPM 






























Figure 1.12 The surveying monuments layout
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1.4.4 Overburden strata deformation monitoring program 
The objective of monitoring the deformation of the overburden strata is to deter-
mine the depth and thickness of the fractured zone and continuous deformation 
zone over the longwall panel. 
The multipoint borehole extensometer (MPBX) is an extensometer where the 
anchors are grouted with cement in the borehole at various horizons, and their 
movements are measured against the head of the point on the surface. In this 
study, a special type MPBX extensometer, each 131 ft (40m) long, was used. 
Therefore, it was necessary to assembly 3 extensometers to reach 395.7 ft. deep. 
In order to observe the overburden displacement at different locations per-
pendicular to the mining direction, three boreholes with 6 in diameters were in-
strumented with a total of 9 MPBX. Borehole #1 (B1) was located at the center of 
panel B6; Borehole #2 (B2) was located at one-fourth of the panel width in panel 
B6; and borehole #3 (B3) was located at the edge of panel B6. Figure 1.13 
shows the location of boreholes and their construction in the field. All three bore-
holes were drilled to the depth of 412 ft. A 20 ft casing was installed at the top of 
each borehole to keep it open during extensometer installation.  
All three boreholes were drilled with air rotary Versa-Drill V100 drilling rigs 
(Figure 1.4.5). After boreholes drilling was completed, the detailed geologic logs 
of each borehole were recorded based on the cuttings returned to the surface 
during drilling. These logs are presented in Figure 1.14. Drilling was performed 
from July 20 to July 27. 2007. 
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Nine extensometers were installed in three boreholes to monitor the overbur-
den movement associated with longwall mining activity. Each borehole contains 
three extensometers and each extensometer is equipped with six anchors. Each 
anchor was marked with a symbol designated by X-Y-Z, in which x is borehole 
number from boreholes 1 to 3, Y is extensometer number from 1 to 3 (number 1 
is the deepest one), and Z is anchor number for each extensometer from 1 to 6 
(number 1 is the deepest anchor). Figure 1.15 shows the extensometers and in-
stallation at the site. Figure 1.16 shows the assembly of the extensometer in the 
boreholes. For example, anchor 1, 1, 1 means that the first number 1 indicates 
borehole 1, the second number 1 indicates extensometer 1 (deepest extensome-
ter) and last number 1 indicates the anchor is located at bottom of extensometer. 
The deep extensometers were located at the Benwood Limestone of the 
Pittsburgh Formation. The intermediate extensometers were located at the Way-
nesburg sandstone (WBSS) and the Uniontown sandstone (UNSS) of the Way-
nesburg and Uniontown Formations. The top extensometers were located above 
the Waynesburg A coal seam, which was located at the Waynesburg Formation. 
Therefore, the extensometers in a borehole monitored the vertical displacements 
from the upper Benwood limestone to the ground surface: the Greene Formation. 
The deepest anchor was about 200 ft above the Pittsburgh coal seam. Figure 
































































































































































































































































































































































Figure 1.17 The geological cross-section of borehole showing extensometer locations 
The grout mixture of boreholes consisted of about 35% water and 65% ce-
ment. The real grout mixture used for the MPBX on site was 6 gallons of water 
with one bag of cement (94 lbs). Table 1.3 shows the information about the 
grouting process. Table 1.4 shows the installation depth of all anchors. 
Table 1.3 Features of grouting operation 
Borehole number 1 2 3 
Quantity of cement bags used 194 100 80 
Approximate time for grouting 1.5 days 
(3 stages) 
3 hours 3 hours 
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Table 1.4 The installation depth of each anchor. 
Depth from  
Surface
 Distance from  
Pittsburgh coal 
seam
Depth from  
Surface
 Distance from  
Pittsburgh coal 
seam
Depth from  
Surface
 Distance from  
Pittsburgh coal 
seam
3--6 23.9 578.16 23.7 583.86 23.7 599.66
3--5 45.7 556.36 45.6 561.96 45.6 577.76
3--4 67.6 534.46 67.5 540.06 67.5 555.86
3--3 89.5 512.56 89.4 518.16 89.4 533.96
3--2 111.4 490.66 111.2 496.36 111.2 512.16
3--1 133.2 468.86 133.1 474.46 133.1 490.26
2--6 155.1 446.96 155 452.56 155 468.36
2--5 177 425.06 176.8 430.76 176.8 446.56
2--4 198.9 403.16 198.7 408.86 198.7 424.66
2--3 220.7 381.36 220.6 386.96 220.6 402.76
2--2 242.6 359.46 242.5 365.06 242.5 380.86
2--1 264.5 337.56 264.3 343.26 264.3 359.06
1--6 286.3 315.76 286.2 321.36 286.2 337.16
1--5 308.2 293.86 308.1 299.46 308.1 315.26
1--4 330.1 271.96 330 277.56 330 293.36
1--3 352 250.06 351.8 255.76 351.8 271.56
1--2 373.8 228.26 373.7 233.86 373.7 249.66
1--1 395.7 206.36 395.6 211.96 395.6 227.76
Anchor 
number
Borehole 1 (ft)                   
Surface elevation: 1132.06 ft
Borehole 2 (ft)                   
Surface elevation: 1142.56 ft
Borehole 3 (ft)                   
Surface elevation: 1163.36 ft






1.4.5 Groundwater monitoring program 
1. Construction and installation of water wells 
Three 10 in diameter boreholes (W1, W3 and W4) were drilled over the longwall 
panels B5 and B6 to install the groundwater monitoring system. Similar to the ex-
tensometer borehole arrangement, W1 water well was drilled at the center of 
panel B6. W3 water well was drilled at the edge of panel B5. And W4 water well 
was drilled at the center of panel B5. W2 water well, drilled with 6 in diameter bo-
reholes, was located at the edge of panel B6 (Figure 1.18). 
The proposed monitoring wells were installed with 20 ft long section of 
screened PVC pipe. These wells were designed to monitor three different geolo-
gy formations. The deep wells were designed to monitor the Uniontown sand-
stone or the Waynesburg sandstone. The intermediate wells and shallow wells 
were designed to monitor both the Washington and Greene Formation. Figure 
1.19 shows the water well construction in the study field. W1, W3 and W4 wells 
were drilled with 10 in diameter boreholes. Each borehole was installed with 
three 2 in diameter pipes with 20 ft long screened section at the bottom of the 
pipe. Three different pipe depths correspond to the three different locations of 
aquifers to be monitored. Three different location wells in a borehole were sealed 
with the grouting cement/bentonite mixtures Each borehole consumed 94 lbs of 










Figure 1.19 Water wells construction in the field 




A. W1 water well 
W1 was located at the center of panel B6. The surface elevation was 1,130.93 ft 
above sea level and the total depth was 276 ft below the ground surface. The 
well was drilled down to the roof of the Uniontown Sandstone (UNSS in Fig. 1.18). 
It was cased with a 10 in steel casing for 10 ft from the surface.  
W1 borehole was installed with three monitoring wells using a 2 in diameter 
PVC pipe: deep well, W1D; intermediate well, W1I; and shallow well, W1S. The 
construction for the deep well is as follow: the well bottom was 10 ft above the 
borehole bottom. No. 3 sand was used to fill this 10 ft interval. The bottom 20 ft of 
the PVC pipe was screened and No. 3 sand was then filled around the pipe up to 
4 ft above the top of the screened pipe section. Bentonite was then used to fill 
the borehole on top of the sand for 3 ft. Above the bentonite, a mixture of Port-
land cement and bentonite was used to fill the borehole up to the level of 104 ft 
below the surface where the intermediate well, W1I, was located. For the inter-
mediate well, construction procedures were as follows: 3 ft thick bentonite was 
used to separate the deep well and intermediate well and then 5 ft No. 3 sand 
was used to fill at the bottom of intermediate well. The bottom 20 ft of the inter-
mediate well (or PVC pipe) was screened and the borehole was filled with sand 
up to 4 ft above the top of the screen. A 3 ft thick bentonite layer was laid on top 
the sand. The cement and bentonite mixture was then used to fill the borehole up 
to the level of 47 ft below the surface, where a 2 ft of bentonite and 5 ft of sand 
were filled to reach the shallow well, W1S. For the shallow well, the same con-
struction procedures were used (Figure 1.20). 
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Upon completion of W1 installation, it was observed that W1I had completely 
dewatered, it was discovered that the monitoring well had been structurally com-
promised. The water well was unable to retain water that was manually pumped 













































































     




B. W2 water wells 
The W2 monitoring well suite is located at the edge of panel B6. The surface ele-
vation is 1,143 ft. In order to perform the pumping tests at the W2 wells, three 
wells of different depths with 6 in diameter were drilled  at the location around the 
edge of panel B6, deep well, W2D; intermediate well, W2I; and shallow well, 
W2S. Each borehole was installed with a 4 in diameter PVC pipe (Figure 1.21). 
W2D was drilled to a depth of 255 ft below the surface. However, the bore-
hole collapsed partially while the No. 3 sand was filling at the bottom of the well. 
The well was screened from the 211 ft below the surface and No. 3 sand was 
then used to fill with the borehole up to 2.5 ft above the top of the 20 ft screen. 
Bentonite was used to fill the borehole up on the top of the sand for 2.3 ft deep. A 
mixture of Portland cement and bentonite was used to fill the borehole up to the 
surface. 
W2-I was drilled to the depth of 97.1 ft. The No. 3 sand was used to fill the 
bottom 13.5 ft of the borehole. The bottom 20 ft of well (or the PVC pipe) was 
screened and No. 3 sand was then filled with the borehole up to 6.5 ft above the 
top of the screen. The borehole was plugged from the top of sand to the ground 
surface with bentonite. 
W2-S was drilled to the depth of 50 ft. The well was 4.8 ft above the borehole 
bottom. No. 3 sand was used to fill this 4.8 ft interval. The bottom 20 ft was 
screened and No. 3 sand was then used to fill the borehole up to 10.8 ft above 
the top of the screen. Bentonite then filled the borehole from the top of the sand 











C. W3 water well 
W3 well was located at the edge of panel B5, near the chain pillar system be-
tween panels B5 and B6. The surface elevation was 1,202.14 ft. The borehole 
was drilled down to the roof of the Waynesburg coal to monitor the Waynesburg 
sandstone (WBSS) aquifer for the deep well. The depth of the borehole was 307 
ft (Figure 1.22). 
W3 borehole was installed with three monitoring wells using 2 in diameter 
PVC pipes: deep well, W3D; intermediate well, W3I; and shallow well, W1S. Dur-
ing drilling, the well was cased to 10 ft deep from the surface with a 10 in diame-
ter steel casing. The construction for the three wells is as follow: The well bottom 
was 5 ft above the borehole bottom, and No. 3 sand was used to fill this 5 ft in-
terval. The bottom 20 ft of the well was screened and No. 3 sand was then 
placed around the screen up to 5 ft above the top of the screen. Bentonite was 
then used to seal the sand on top of the sand for 3 ft. A mixture of Portland ce-
ment and bentonite was used to fill the borehole up to the level of 153 ft below 
the surface. A 3 ft thick layer of bentonite was used to separate the deep well 
from the intermediate well, and then a 5 ft of No. 3 sand was used to fill the bot-
tom of intermediate well. The bottom 20 ft of the intermediate well was screened 
and the borehole was filled with sand up to 4 ft above the top of the screen. A 3 ft 
thick bentonite layer was laid on top of the sand. The cement and bentonite mix-
ture was then used to fill the borehole up to the depth of 53 ft below the surface, 
where 3 ft of bentonite and 5 ft of No. 3 sand were placed to reach the shallow 










D. W4 water well 
W4 water well was located at the center of panel B5. The surface elevation was 
1,365.59 ft. The well was cased to 10 ft deep from the surface with 10 in diame-
ter steel surface casing. The borehole was drilled down to a depth of 476 ft, the 
roof of the Waynesburg A coal (WAC). 
The borehole was installed with three monitoring wells using 2 in diameter 
PVC pipe; deep well, W4D; intermediate well, W4I, and shallow well, W4S. The 
construction for the deep monitoring well is as follows: The well bottom was 10 ft 
above the borehole bottom and No. 3 sand was used to fill this 10 ft interval. The 
bottom 20 ft of the well (or PVC pipe) was screened and No. 3 sand was then 
filled in the borehole up to 5 ft above the top of the screen. Bentonite was then 
used to fill the borehole on the top of the sand up to 1 ft above the sand. A mix-
ture of Portland cement and bentonite was used to fill up the borehole up to the 
level of 218 ft below the surface, where the intermediate well, W4I, was located. 
For the intermediate well, the construction procedures are as follows: 1 ft thick 
bentonite above 218 ft and 5 ft of No. 3 sand to fill up to the bottom of the screen. 
The borehole was filled with sand up to 5 ft above the top of the screen. A 1 ft 
thick layer of bentonite was placed on the top of the sand. The cement and ben-
tonite mixture was then used to fill the borehole up to a level of 50 ft below the 
surface, where the shallow well, W4S, was located. For the shallow well, the 
same construction procedures were used (Figure 1.23). 












































































Figure 1.23 Construction details of W4 water wells 
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Distance above the 
Pittsburgh Coal
Depth from the 
surface
ft ft ft Waynesburg sandstone ft Uniontown Sandstone
Gray shale 14'
Limestone 6'
W2S 613 Brown shale 20' 555.93 45
W3S 936 Gray shale 20' 556.93 44





Sandstone 15' 370 (floor) 280(floor)
Gray shale 5'     thickness of WSS : 48ft     thickness of WSS : 54 ft
369(floor) 280(floor)
    thickness of WSS : 45ft     thickness of WSS : 38ft
Sandstone 10' 368 (floor) 281 (floor)
Red sandstone 10' thickness of WSS : 45ft thickness of WSS : 36ft
The coal seam elevation at W1 well was 530 ft, Surface elevation was 1130.93 ft
The coal seam elevation at W2 well was 535 ft, Surface elevation was 1143.39 ft
The coal seam elevation at W3 well was 541 ft, Surface elevation was 1202.14 ft















2. The installation of water elevation data logger  
The Level TROLL 500 is an instrument for water level logging and temperature 
monitoring. It contains everything needed for water level measurement and data 
logging, i.e., water level and temperature sensors and data logger. It was po-
wered internally by a 3.6V Lithium battery. The Level TROLL is the easiest way 
to monitor the water level.  
Each monitoring well was outfitted with a Level TROLL 500 on August 14, 
2007. The instrument was installed at the bottom of each well, and suspended by 
a 3/64 vented poly cable exposed at the ground surface. The Level TROLLS 
were calibrated to the atmospheric pressure before deployment. They were set to 
measure the height of the water column once every hour if the water level 
changed more than 0.25 ft between each interval. A default measurement was 
set to be logged every four hours regardless of the water level fluctuations. 
The Level TROLL 500 was a type of pressure transducer. It measures the 
height of water column every setting period.  It has 2 MB of memory to record 
100,000 data point. The pressure sensor accuracy is 0.1% of full scale (100 psi). 
A rugged reader was used to collect, store, analyze and transfer data from 
the Level TROLL 500 pressure transducers. The rugged reader delivered a relia-
ble, easy-to-use data management system. The operating system was Win-Suit 
Mobile 5.0. All the downloaded data could be edited printed and sent to users via 
the internet. Figure 1.24 shows the pressure transducer, tape measurement and 









CHAPTER 2. CHARACTERIZATION OF REGIONAL AND LOCAL 
GEOLOGY OF STUDY AREA  
The geology of the study area includes sedimentary rocks of Pennsylvanian and 
Permian age (Paleozoic) (Stoner et al., 1987). Alluvial deposits of quaternary age 
occupy the valley bottom of the dissected topography. The boundary between 
the Pennsylvanian and Permian systems is indistinct, but it is generally defined 
by the sequence of rocks extending from the base of the Waynesburg Coal bed 
to the present topographic surface 
The Dunkard Group consists of the Greene, Washington, and Waynesburg 
Formations (Stoner et al., 1987). The lower section of the Dunkard Group re-
sembles that of the Monongahela Group in that it contains laterally persistent 
Pittsburgh coal. The top bedrock unit is the Dunkard Group, which belongs to the 
Permian age. A geologic column of the study area is shown on Figure. 2.1. 
2.1 Dunkard Group and Monongahela Group  
1. Dunkard group 
The Dunkard Group lies in the lower part of the Permian age and it consists of 
the Greene, Washington and Waynesburg Formations in descending stratigraph-









The Dunkard group is generally composed of shale, sandstone, limestone 
and coal. Most shale beds range from 10 to 30 ft thick. Sandstone beds in the 
study area range from 10 to 50 ft (Stoner et al., 1987). Fracturing, vertical and 
open, is locally developed in the shale and limestone. Joints are blocky and 
closely spaced in the fine-grained rocks, and moderately spaced in the sand-
stone. 
The Greene Formation is located at the top of Dunkard Group and consists 
of soft shale, sandstone, siltstone, and thin limestone. In Greene Formation, 
shale is locally interbedded with siltstone and sandstone(Stoner et al., 1987). 
Sandstone beds are light to olive gray, micaceous, fine to medium grained, and 
planar to cross-bedded. The limestone beds with light-to-dark-gray color are thin 
and discontinuous. Clay stone is light to dark gray, are generally thin and asso-
ciated with limestone partings. 
The Washington Formation is below the Greene Formation and consists of 
an upper middle and lower Limestone Members (Stoner et al., 1987). Within the 
study area, rocks of the Washington Formation outcrop along the base of the val-
ley. 
The Waynesburg Formation is the lowest stratigraphic unit in the Dunkard 
Group. It represents a transition between the underlying Pennsylvanian System 
and the overlying Permian System. The Waynesburg Formation extends from the 
base of the Waynesburg Coal to the base of the Washington coal. 
The Waynesburg Formation contains three members upper, middle, and 
lower (Stoner et al., 1987). The upper member consists chiefly of laminated 
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sandstone and siltstone, although thinly bedded sandstone is present at some 
localities. The Little Washington Coal marks the base of the upper member and, 
where present, is represented by a thin poorly developed coal or carbonaceous 
shale. The coal bed is typically thin and impure, and locally grades laterally to 
carbonaceous shale. Overlying the Little Washington coal is a gray to black shale, 
which is locally calcareous and contains siderite nodules 
2. Monongahela group  
The Monongahela Group is located at the upper Pennsylvanian age (Stoner et al., 
1987). It consists of the Uniontown and Pittsburgh Formations. The Monongahela 
Group extends from the base of the Pittsburgh Coal to the top of the Waynesburg 
Coal. It is divided into the Pittsburgh and Uniontown Formations at the base of 
the Uniontown Coal. (Stoner et al., 1987). It is nonmarine and dominated by li-
mestone, sandstone, and shale. 
The Uniontown Formation consists mostly of the thin-bedded Uniontown 
sandstone with interspersed channel sandstone. It contains two members: an 
upper member and lower member, ranging from 50 to 130 ft in thickness (Stoner 
et al., 1987). 
The Uniontown Formation contains two thick sandstones: Gilroy Sandstone 
and Uniontown Sandstone (Carver, 1994). The basal of the Uniontown Sand-
stone is the Little Waynesburg Coal. This is a thin, impure coal associated with 
carbonaceous shale. 
The Pittsburgh Formation is composed almost entirely of flat-lying layered li-
mestone and calcareous mudstone. The percentage of limestone increases sub-
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stantially in the Pittsburgh Formation and no fireclays were identified. The Pitts-
burgh Formation consists of four limestone units: Uniontown, Benwood, Sewick-
ley and Redstone. The major coals are the Redstone, Sewickley and Pittsburgh 
coal. The thickness of the Pittsburgh Formation ranges from 225 to 365 ft. (Ston-
er et al., 1987). 
The basal unit of the Pittsburgh Formation is the Pittsburgh coal, the Pitts-
burgh coal consists of two to four benches separated by clay or shale partings. 
The lower or main, bench ranges from 3 to 8.6 ft in thickness, including minor 
clay partings up to 1 in thick. The coal bed is eroded by overlaying sand–filled 
channels. The interval between the base of the Pittsburgh rider coal and base of 
the underlying Pittsburgh coal is locally greater than 60 ft. 
2.2 Local Geology Cross Sections 
In order to understand more about the geological structure of the study area, 
three local cross-sections were plotted along the longitudinal (mining) and trans-
verse directions of panels B5 and B6. The three zones of disturbance in the 
overburden strata were calculated according to subsidence theory (Peng, 2006). 
Caved Zone Hc= (6-8)H=(6-8)7=42-56 ft (2.1) 
Fractured 
zone  
h0.439H1.544 = 6500.43971.544 = 350 ft  (2.2) 
Stratigraphic cross-sections were constructed based on the core logs availa-
ble from the coal company, local cores, and borehole drilling records. Figure 2.2 
shows the panels B5 and B6 layout and proposed cross sections. One cross sec-
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tion is along the panel B5 mining direction as shown in Figure 2.3. Another is 
along the panel B6 mining direction (Figure 2.3) and third one is across the pa-
nels B5 and B6 (Figure 2.4). The geological sedimentary formation is also shown 
in the cross-section maps. 
These figures show that the Greene Formation varies from 20 ft thick to 260 
ft., it consist mainly of gray shale, sandy shale, limy shale, clay and thin unit of 
limestone. The shale contains more mica in light color both in panel B5 and B6. 
The Washington Coal and Jollytown Coal is the basal unit of the Washington 
Formation (WF). The Washington Coal (WC) is located below the Lower Wash-
ington Limestone. It is separated into including Washington A Coal and C coal. 
The WF is uniform and covers the whole study area, and thickness varies from 
40 ft to 350 ft. it consist mainly of limestone and shale, thin sandstone, and coal.  
The Waynesburg Formation is from the Little Washington Coal (LWC) seam 
down to the Waynesburg coal seam. From LWC to Waynesburg A Coal (WBAC) 
is called the upper Waynesburg Formation (UWF) that consists chiefly of gray 
shale and limestone in Panels B5 and B6. The lower Waynesburg Formation 
(WBF) is from WBAC to Waynesburg Coal (WC), which mainly contains the 
Waynesburg sandstone (WBSS). The thickness of WBSS is on average 45 ft in 
panel B5 and 50 ft in panel B6, respectively. 
The Uniontown Formation (UNF) is from the WC down to the bottom of the 
Uniontown sandstone (UNSS) layer. The UNSS is on average 50 ft below the 
WC and its thickness averages 40 ft. 
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The Pittsburgh Formation (PITF) is the thicker overlying layer above the 
Pittsburgh Coal, which is the basal unit of the PITF. The percentage of limestone 
in the PITF increases substantially. Uniontown, Benwood, Sewickley and Red-
stone limestones are correlated in the study area and are commonly interbeded 
or parted with gray shale, limy shale and sandy shale. The massive Benwood li-
mestone is approximately 85 ft, and its basal unit is the Sewickley coal. In panels 
B5 and B6, the Sewickley coal is separated into two parts: upper Sewickley coal 
and lower Sewickley coal. The upper Sewickley coal is 3.4 to 9.2 ft in thickness. 
The Redstone lower member of the PITF consists chiefly of limestone, black 
shale, gray shale, and limy shale. The thickness of Redstone coal is on average 
2 ft in panel B6. The basal unit of the lower member is the Pittsburgh Coal, which 
averages 7 ft in thickness. The interval between the Redstone Limestone and the 
Pittsburgh Coal varies from 30 to 50 ft, which is called medium stable immediate 




Figure 2.2 Layout of panels B5 and B6 showing the three cross-sections shown in Fig-



























CHAPTER 3. THE HYDROGEOLOGIC SETTINGS 
3.1 Precipitation, Surface Water, and Groundwater Resources 
3.1.1 Precipitation 
Since the precipitation in Greene County was not available, the 30-year historical 
data of precipitation from the adjacent Washington County, PA were collected. 
An average of approximately 23.74 in of precipitation fell on Washington County 
annually. Figure 3.1 illustrates the average monthly precipitation for the Washing-
ton County in 2008. Based on this 30-year record, the average precipitation was 
about 3.2 in per month, with January and February (2.2 in) typically being the 
driest months, and May (4.4 in) the wettest. There can be, however, extreme var-
iations in some years and in certain months within the year. Such seasonal and 
yearly extremes, which may have serious consequences, often are not apparent 














































3.1.2 Surface watersheds 
A watershed is the area of land that catches rain and snow and drains or seeps 
into a marsh, stream, river, lake, or groundwater (USEPA, 2004). In the study 
area, there are three major watershed areas: Tenmile creek watershed, Whiteley 
Creek watershed, and Muddy Creek watershed (Figure 3.2).  
Ten Mile Creek has a drainage area of 338 square miles. It begins in South 
Franklin Township, Washington County and drains east for approximately 12 
miles, serving the northeastern border between Washington and Greene Coun-
ties, and eventually empties into the Monongahela River at Millsboro. The tributa-
ry area contains Laurel Run, Dark Hollow, Coal Lick Run, and other unnamed 
streams. 
Whiteley Creek has a total drainage area of 54.4 square miles. It originates 
in Whiteley Township and flows east to the Monongahela River. The tributary 
area contains Dyers Fork, Dutch Run and Frosty Run. The Mt. Phoebe Run and 
Dutch Run are located over the panels B5 and B6. 
Muddy Creek has a total drainage area of 31.7 square miles. The stream 
originates in Jefferson Township and flows southeast to Baileys Crossroads, 
where it enters the South Branch, and then flows northeast until it empties into 
the Monongahela River. 
All the rivers and creeks in the study area eventually empty into the Monon-










3.1.3 Groundwater resources 
Ground water is the subsurface water in the zone of saturation- the zone in which 
all voids in the rock was filled with water. The top surface of this zone is called 
the water table. An aquifer is a formation that contains sufficient saturated per-
meable material to yield usable quantities of potable water for wells and springs.  
Rocks that typically have the largest intergranulur permeability are sandstone 
and siltstone. However, sandstone and siltstone layers in the study area are ce-
mented with siliceous material and are highly compacted, which effectively mini-
mizes primary permeability. Without fracturing, very few rock units in Greene 
County could be classified as an aquifer. A single water-bearing unit rarely is ca-
pable of providing enough water to wells for domestic and livestock uses. 
Water commonly enters wells through fracture openings oriented along bed-
ding plane openings between different rock types: shale and coal, limestone and 
sandstone, and shale and sandstone. The geophysical logs for drilled water wells 
in the field show the water bearing units are located in the Waynesburg Sand-
stone, Uniontown Sandstone, and coal beds (Stoner et al., 1987). 
The observation wells drilled around the study area by the U.S Geological 
Survey indicated the first 150 ft of the test holes drilled more than 200 ft pro-
duced most of the groundwater. Water –bearing zones commonly occur at the 
interface between sandstone and shale, and sometimes occur at the interface 
between other rock types. Most shales, claystones, siltstones, and limestones 
were not water bearing. The most productive water bearing units were commonly 




the maximum was 25 gal/min in well GR-814. The little Washington coal yielded 
about 30 gal /min at a depth of 160 ft in well Gr-808. Fractured sandstone about 
6 ft thick that contains a trace of coal yields about 40 gal/min in GR-803 (Stoner 
et al., 1987). 
The most productive water bearing units are the sandstones and coal beds in 
the Washington and Waynesburg Formations located less than 200 ft below the 
surface. Yields are low where these formations are deeper than 200 ft below the 
surface or where wells tap only shale, siltstone, and limestone.  
Water level fluctuations are greatest in shallow wells and least in deep wells. 
The wells that have depths generally less than about 150 ft are considered shal-
low. The decrease of water level fluctuation with depth is largely attributed to the 
decrease in hydraulic conductivity of the aquifer with depth, which limits effective 
recharge. 
In summary, the ranking of hydraulic conductivity from high to low among the 
bed rock water bearing units is as follows: coal, sandstone, siltstone, shale, and 
limestone. Coal beds, commonly have the greatest density of fractures. Sand-
stone has the highest primary permeability among the water bearing units. Most 
of the permeability of shale is attributed to fracturing, which is commonly filled by 
clay. Limestone, due to high density and clay content, has the lowest relative 




3.2 Local Hydraulic Characteristics and Overburden Movement Prediction 
Hydraulic Characteristics  
In order to analyze the aquifer properties in the study area, pumping tests were 
performed in the three W2 wells. The shallow well, W2S, was used to test the 
properties of shallow water table aquifers; the intermediate well, W2I, for the 
deeper Washington Formation, and the deep well W2D for the WBSS, Waynes-
burg Formation. Figure 3.3 shows the field setup for the pumping tests. 
 
Figure 3.3 Pumping tests of aquifers 
Figures 3.4-3.9 shows the pumping test reports (Moody & Associates, Inc. 
2008). There are two pumping tests performed, one on 8/23/07 and the other on 
10/10/08. 
Figure 2.5 shows the W2S water well located at 50 ft below the surface. 20 ft 
of screen was placed atop 5 ft. of No. 3 sand from the bottom. Therefore, the 
screen interval is 25 to 45 ft deep. Figures 3.4 and 3.5 indicate that the recovery 




lons/min at the two different times. The specify storage capacity was 0.3 gpm/ft 
and 0.19 gpm/ft. Figures 3.6-3.9 show that the recovery rate of the intermediate 
well, W2I (84.4 ft deep) was 0.05 gpm and 0.02 gpm and W2D (211 ft deep) was 
0.18 gpm and 1.1 gpm, respectively. These values demonstrated that the shallow 
water table aquifer has a higher recovery rate and a higher specific capacity. In 
other words, there exists an aquitard layer between the shallow aquifers (or in-
termediate aquifers) and the deep layer. Figure 2.5 shows the aquitard layer 
consists of gray shale, limy shale, and sandy shale.  Although the aquitard layer 
has the same type of shale, fracture densities in the shallow layer may be com-
parable or slightly larger than those of deep aquitard layer, and the fractures 
openings are usually filled with clay, which effectively reduces their water-bearing 
capacity. In the deep well W2D which is located in the Waynesburg sandstone 
and Uniontown sandstone, it has a bigger primary permeability. However, the 
sandstone layers commonly are cemented with siliceous material and are highly 
compacted, which effectively minimizes primary permeability. This situation is 
substantiated by the unmeasurable specific capacity. 
The hydraulic properties of the Pittsburgh Formation could not be evaluated, 
because the water monitoring well did not penetrate sufficient depth into the 
Pittsburgh Formation. 
3.3 Overburden Movement Prediction 
According to the equations 2.1 and 2.2, the caved zone is normally 50 ft high and 




of the caved zone in panels B5 and B6 varies from 30 to 50 ft above the Pitts-
burgh coal due to the strong Sewickley limestone (Figure 3.2.4). The top of the 
fractured zone is assumed to be at the top of the WBSS layer. 
 



































3.4 Recharge Rate Determination 
Groundwater recharge is defined as the hydrologic process in which aquifers ac-
quire a sufficient amount of water from the surrounding water sources. It is usual-
ly expressed as an average rate of inches of water per month (year). The 
sources of recharge to an aquifer are mainly from precipitation. Other sources of 
recharge are stream and lake or pond seepage, irrigation etc. The result of re-
charge was to increase the hydraulic head of groundwater and to keep the 
groundwater movement from high hydraulic heads to lower hydraulic heads (Fig-
ure 3.10). In case there is no change in hydraulic head, the water is neither 
stored nor released. 
 
                                       Source: New Jersey Geological Survey Report GSR-32. 
Figure 3.10 Groundwater recharge process 
Groundwater recharge rate estimation was based on two automated stream-




estimation) and RORA (The recession-curve-displacement method for estimating 
recharge). The computer program PART was used to provide estimates of base 
flow for selected gaged watersheds. RORA was used to provide estimates of an-
nual and mean-monthly recharge from streamflow hydrographs at selected 
gaged watersheds (Dennis et al., 2000). 
The recharge study area was located around 10 miles directly on the south-
side of Dunkard Creek. The recharge value at Dunkard Creek was used for the 
study area due to the similar geological conditions and land usage (Figure 3.11).  
Figure 3.12 shows the recharge estimates based on the PART and RORA 
streamflow-hydrograph methods from Dunkard Creek at Shannopin, Greene 
County, Pennsylvania State (USGS, 2000).  
 







Figure 3.12 Estimates of mean-monthly & annual ground-water recharge 
3.5 Evapotranspiration Determination 
Evapotranspiration is defined as the water lost to the atmosphere from the 
ground surface, evaporation from the capillary fringe of the groundwater table, 
and the transpiration of groundwater by plants whose roots tap the capillary 
fringe of the groundwater table (USGS). The calculation of Evapotranspiration 





Penman-Monteith Evapotranspiration Model was developed to estimate eva-
poration from the saturated surface. It defines the condition that occurs after tho-
roughly wetting the soils by rain or irrigation. In this study, the Penman-Monteith 
Evapotranspiration Model was employed to obtain the quantity of daily evapora-
tion. It refers to the use of an equation for computing water evaporation from the 
vegetated surfaces. The equation was proposed and developed by John Mon-

















Tmean  Average daily air temperature ( C ) 
900   Conversion factor 





















es  Kpa (3.3) 
Where 
t  Average air temperature ( F ) 
avgT   Average air temperature ( C ) 
G  Soil heat flux, usually, G=0.1*Rn 







minmax )(   (3.4) 
Where 
Kr  0.17 





  (3.5) 
Gsc  Solar constant (0.082 MJ m
-2mine-1) 
dr  Inverse relative distance from the Earth to the Sun  
 1 0.033cos(2 * /365)rd JD   (3.6) 
JD  The day of the year 
   Latitude (rad) 
   Solar declination (rad) 
 )39.1365/*2sin(409.0  JD  (3.7) 
sw   Sunset hour angle (rad) 
 )]tan()tan(arccos[ sw  (3.8) 
   Psychometric constant, take 0.054 in this case  
se   Vapor pressure at saturation 
ae   Actual vapor pressure 




 sa ee   (3.9) 
Where 
   Relative humidity 
The data on precipitation, temperature, dewpoint temperature at saturation, 
relative humidity, and wind speed had been collected from 12/01/2001 to 
12/21/2004. The calculated evapotranspiration was plotted as Figure 3.13. It in-
dicates that the maximum evapotranspiration was 0.025 in/day in July where the 
minimum evapotranspiration was less than 0.0015 in/day from October to Febru-














































































































































































































































CHAPTER 4. DETERMINATION OF PRE-MINING HYDRAULIC 
PARAMETERS 
4.1 Introduction 
In order to determine the water system distribution in the study area, Four water 
wells W1, W2, W3 and W4 were drilled above the panels B5 and B6 before 
longwall started mining. The W1 well contained three piezometers of different 
depths. W1S well was the shallow well, which was located in the limestone and 
shale. The average water column in the well was 22 ft. The deep well, W1D, was 
located in sandstone between the WBSS and UNSS. The average water column 
in the well was 70.76 ft. The W2S shallow well was located in the shale. The av-
erage water column in the well was 32 ft. The W2I well (intermediate well) was 
located in the sandstone above the little Washington coal. The average water 
column in the well was 18 ft. The W2D deep well was located at the bottom of the 
WBSS layer and the water column in the well was 190.4 ft. The W3S well was 
located in the shale. The average water column in the well was 15.17 ft (before 
mining panel B5). The W3I well was located in the shale and the average water 
column in the well was 49 ft. The W3D well was located in between the bottom of 
Waynesburg sandstone and upper Waynesburg coal. The water column in the 
well was 21.38 ft. 
The W4 well was located over the center of panel B5.  Before mining this 




level in W4I well located in shale was 21.7 ft. The water level of the W4D well lo-
cated in the Waynesburg sandstone was 22.8 ft. 
The water level in W2D well was higher than that of W2I. This was not rea-
sonable as compared to those for W1D and W3D wells. It was, therefore, post-
ulated that surface water seeped into the Waynesburg aquifer because of the 
sealing construction. Figure 4.1 shows the cross-section of water wells  
Water enters the subsurface in Greene County mainly as precipitation or 
stream flow (Stoner et al., 1987). When precipitation hits the ground, some is 
evaporated, some runs off overland and some seeps into the subsurface. Of the 
portion that percolates into subsurface, some returns to the atmosphere by 
transpiring plants and the remainder percolates downward to the subsurface un-
confined aquifers. The water in the unconfined aquifers flows from the higher hy-
draulic heads towards the lower ones. The water flow rate depends on hydraulic 
conductivity and hydraulic head gradient. 
Hydraulic conductivity is the most important quantitative parameter characte-
rizing the flow of groundwater. It defines as the ratio of Darcy's velocity to the ap-
plied hydraulic gradient. It is dependent only on the physical properties of the 
porous medium, grain size, grain shape, and arrangement of pore size and inter-
connection in general. The dimension of K is the same as that for velocity, that is, 
length per unit of time (L/T). 
The properties of hydraulic conductivity before mining at the study area were 
measured by the slug tests. The slug test consists of measuring the recovery of 




4.2 Slug Tests to Determine the Hydraulic Conductivity 
Slug tests were performed on each monitoring well in May 2008 to determine the 
hydraulic conductivity values with respected to its aquifers. The tests were 
executed according to the standard operating procedures outlined by the 
Enviormrntal Protect Agency (EPA). Before each test, the presurre transducer 
was calibrated to atomospheric pressure and programmed to log water levels 
every second. 
The slug test essentially consists of measuring the recovery of head in a well 
after a near instantaneous change in head in that well. This can be done by 
rapidly introducing a solid cylinder or an equivalent volume of water into the well, 
causing an abrupt increase/decrease in water level. Following this sudden 
change, the water level in the well returns to static conditions as water moves out 
of the well or into it in response to the gradient imposed by the sudden change in 
head.This procedure is applicable to determine the horizontal hydraulic 
conductivity of distinct geologic horizons under in-situ conditions. 
The EPA slug test operating system (Figure 4.2) 
The slug test essentially consists of measuring the recovery of head in a well 










1. Determine the static water level in the well by measuring the depth to 
water periodically for several minutes and taking the average of the 
readings. 
2. Install the transducer and cable in the well. 
3. "Instantaneously" introduce or remove a known volume or slug of water to 
the well. 
4. Assign the moment of volume addition or removal to be time zero, 
measure and record the depth to water and the time at each reading. 
5. Continue measuring and recording depth-time measurements until the 
water level returns to equilibrium. 
     
Figure 4.2 Slug test in the field 
For monitoring wells W1D and W1S, a 1 in by 24 in long cylindrical, steel 
slug was used. A 2 in by 60 in steel slug was used for W2 well suite. A 0.5 in by 




even the 124 in slug due to post mining ground subsidence. Essentially a two 
fold slug test procedure was implemented for these wells, in which the slug was 
first injected and the water column subsequenctly allowed to equilibrate, 
producing a drawdown curve for slug test solution analysis. The slug was then 
extracted, after which the water column was allowed to recharge, creating a 
second recharge induced curve for solution analysis. 
In Well 3, W3S and W3D required alternative slug test procedures in which a 
known volume of water was injected into the well to generate a water level curve 
for proper slug test analysis. This was because the PVC pipe had become too 
warped after mining induced ground movement. Any solid slug was unable to 
descend past approximately 72 ft. below the surface. 
Both the PVC pipe and pressure transducers at the W4 suite were 
irreparably compromised structurally after mining of panel B5, Therefore, the 
post-mining water elevation status and possible recharge will likely not be 
observed using this piezometer. 
The interpretation of piezometer recovery was that of the Bouwer and Rice 
Method. Bouwer and Rice (1976) developed a method of determining the hydrau-
lic conductivity of an unconfined aquifer. This method can be used for both fully 
and partially penetrating wells. It permits the measurment of saturated hydraulic 
conductivity of aquifer materials with a single well. The method consists of 
quickly lowering or raising the water level in a well from equilibrium and 
measuring its subsequenct rate of rise or fall, respectively. The method was 




otherwise open portion of the well for fully or partially penetrating wells in 
unconfined aquifers. 
The equation used to determine the hydraulic conductivity with the Bouwer 
and Rice method is: 
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K  Hydraulic conductivity   (L/T) 
rc  Radius of the well casing (L) 
rw  Radius of the well (including gravel envelope) (L) 
Re  Radial distance over which head is dissipated (L) 
Le  Length of the screen (L) 
t  Time since h=ho (T) 
ho  drawdown at time t=0 (L) 
h  drawdown at time t=t (L) 
AQTESOLV for Windows provides visual and automatic methods for matching 
the Bouwer-Rice (1989) solution to slug test results. This easy-to-use and intui-
tive software provides rapid and accurate determination of aquifer properties. 
Figures 4.2-4.14 show the results of Slug Tests. Table 4.1 show the summary of 


















































































Table 4.1 Summary of hydraulic conductivities by Slug test before longwall mining 
 
Water wells 
Conductivity ( ft/day ) 
First Second Average 
W1S, Shallow well at W1 0.6801 0.6324 0.65625 
W1D, Deep well at W1 1.017 0.3479 0.68245 
W2S, Shallow well at W2 0.3889 0.9761 0.683 
W2I, intermediate well of W1 0.03421 
 
0.03421 
W2D, Deep well at W2 0.03938 0.02897 0.034175 
W3S, Shallow well at W3 2.15 
 
2.15 
W3I, intermediate well of W3 8.969 0.9468 4.95765 




4.3 Water Level Data Before Mining Panel B6 
Water level was measured using Level TROLL 500 model pressure transducer 
(Figure 4.15). The transducer was set to the bottom of each well and suspended 
by a 3/64 vented poly cable exposed at the ground surface. They were calibrated 
to the atmospheric pressure before deployment. The water levels in the well were 
recorded by measuring the height of the water columns every hour if the water 




ment was set to be logged every four measurement (every four hours), regard-
less of the water level fluctuations. 
          
Figure 4.15 The Level TROLL 500 model pressure transducer and data logger 
The most obvious measure of the effects of mining was the change in water 
level responses in the piezometers. Water levels in panel B6 pre-mining data 
were collected from August 2007 to October 2008 (Figures 4.16-4.19). Figure 
4.20 show the water elevations before longwall mining of panel B6. 
Figure 4.16 shows the water level observations in W1 piezometer from the 
date of installation to October 2008 (before mining panel B6). The horizontal 
dashed lines represent the well bottom elevations. The vertical black dotted line 
represents the date of panel B5 mining under the cross-section of the survey line. 
The average water level elevations remained relatively stable throughout the 
mining of panel B5. The W1S water elevation varied from 1,112 ft to 1,118 ft. The 
average water elevation was 1,115 ft. The water level in winter season was 
slightly higher than that in summer season This phenonenon is because the 

































The pre-mining water levels of W1D well varied from 921 to 943 ft. The 
average water level was 935 ft. It can be concluded that the water level of W1 
had not been affected by the weather and longwall mining of adjacent panels. 
The W2 shallow and deep wells have remained relatively constant 
throughout the longwall mining of panel B5. The water elevations in W2S varied 
from 1,127 ft to 1,136 ft and the average water column was 1,131 ft. The water 
elevations in W2D were from 946 ft to 1,123 ft between 8/29/07 and 10/2/08, and 
the average water level was 1,116 ft.  
Water levels in W2I were observed during the pre-mining of panel B6 from 
8/29/07 to 10/2/08, The maximum and minimum water elevations were 1,105 ft 
and 1,060 ft. respectively.  However, it should be noted that the water levels in 
W2I were not equilibrated during the pre-mining condition. The water column 
dropped from 45 ft on 10/5/07 to 0.822 ft on 10/21/07, a corresponding decline 
rate of 0.12 ft/hour. After the water was nearly dried out in W2I, the water cloumn 
was again observed to gradually recover from 10/22/07 to 10/2/08. The water 
cloumn in W2I reached 45 ft. 
The longwall B5 passed the W3 wells on 10/8/07 (Figure 4.18). Before B5 
longwall face passed under the W3 wells, the water elevation maintained 
constant during the pre-mining condition. The average water column in W3 was 
15.17 ft. Ten days after the longwall B5 passed the W3S well on 10/17/09 (the 
longwall face was 420 ft past the W3S well location), the water column in W3S 
declined dramatically to 0, i.e., the well completely lost the water. It indicated that 




The water elevation of the W3I well was 1,106 ft before the longwall face 
passed under it. The water elevation started to drop after the face was under the 
W3 wells. After the longwall passed the wells 20 days on 10/28/07 (the longwall 
face was 1,000 ft ahead of W3 well location), the water level recovered to 1,117 
ft which was higher than that of the pre-mining condition. One possible 
explaination is that the water in the overlying strata rechaged the intermediate 
layer. 
The average water level in W3D in panel B5 pre-mining condition was 920.76 
ft. After the longwall face passed the location of W3 wells, the average water 
level dropped to 910 ft. There was no distinct water level decline observed as the 
longwall face passed the W3 wells. After mining, the water level declined 
gradually. It can be concluded that the deep water aquifers in panel B6 were 
affected slightly by the adjacent longwall mining. 
Figure 4.19 shows the W4 well water elevation observations during panel B5 
pre-mining condition.  The water elevation kept stable and the average water 
level was 1,348 ft in W4 shallow well. The water table started to decline on 
10/5/07, when the longwall face was 130 ft ahead of the W4 location. The critical 
water level decline event was recorded between 10/9/07 and 10/11/07, in which 
a 12.7 ft net drop in water level was observed. The water well in W4S was 
completely dried on 10/21/07, when the longwall face was 634 ft ahead of the W4 





The W4 intermediate well (W4I) was stable before panel B5 mining. The 
average pre-mining water level was 1,347.60 ft. Following undermining of the W4 
well, no appreciable water elevation decrease was observed according to the 
data logger. Because the transducer had been compromised in the well. A static 
water level meter was unable to lower past an obstruction appromximately 72 ft 
below the top of casing for a manual water level measurement. Furthermore, the 
transducer was firmly stuck in the well and could not be extracted. A video 
inspection of the well confirmed that the PVC riser pipe had been laterally 
displaced by shifting of disturbed overburden strata and had essentially been 
pinched closed. Consequently, the transducer cable was so tightly squeezed that 
the instrument was unable to correctly record the hydraulic pressure in the well. 
As such, the W4I transducer was irreparably compromised and no longer reliable 
for data collection and consequently the post-mining water elevation was 
unknown. 
The average pre-mining water elevation level in W4 deep well (W4D) was 
922.4 ft. A critical water level decline event was recorded between 10/8/07 and 
10/12/07, in which a net elevation drop of 15.28 ft was observed (i.e., the well 
was completely dewatered). As with W4I, the transducer in W4D was irreparably 
compromised for the same reasons. Therefore, the post-mining water elevation 
and possible recharge could not be observed using this piezometer. 
Summary 
The W1 well was located at the center of panel B6 which was 1,640 ft away 




during the panel B5 mining activities. The W2 well was located at the quarter of 
panel B6, 635 ft away from the edge of panel B5. No appreciable water elevation 
decline was observed during panel B5 mining. The W3 water wells, which was 
258 ft from the edge of panel B5, was adversely affected. The W3 shallow well 
was permanently dried after the longwall face in panel B5 passed the well 
location. The water level elevation of the W3 intermeadiate well fluctuated when 
the longwall face in panel B5 passed the site, and the water elevation was a little 
higher than that of pre-mining condition. This water recovery was probably 
caused by the upper aquifer recharge event. The water elevation of the W3 deep 
well declined during and after the longwall face in panel B5 passed the site. But 
the water in the W3D well had never been lost during the data collection period. 
The water elevation of  W4 well which was located at the center of panel B5 was 
severely affected by the mining activities. All the water wells was completely 
dried out and never recovered during the monitoring period. 
4.4 Monitoring Overburden Strata During Longwall Mining in Panel B5 
In order to monitor the deformation of overburden strata above the longwall panel, 
the multiple point extensometers were installed at different locations across 
longwall panel B6 (Figure 4.21) Borehole 1, which was located at the center of 
panel B6, contained three extensometers, and each extensometer had six anc-
hors. The total 18 anchors in a borehole monitored 397.5 ft of strata movement. 




tween the boreholes 1 and 3. Boreholes 2 and 3 used the same extensometer 
layout as borehole 1. 
 
Figure 4.21 Geological cross-section showing location of three extensometers location 
and layouts 
The data acquisition system for the MPBX consisted of three enclosures and 
one commutation box. Each borehole had one communication enclosure that 
connected the extensometers. Figure 4.22 shows communication boxes and a 
datalogger box Data from the borehole extensometers could be read manually. 
Three communication boxes from the three boreholes were connected to a data-
logger box located at the surface of borehole 2. The datalogger stored all the ex-
tensometers readings. All anchor readings were downloaded into a computer 




borehole extensometer separately. The maximum allowable movement of each 
anchor is 20 in. The anchor was assumed to be destroyed if the anchor readings 
exceed 20 in. 
                   
Figure 4.22 Communication boxes and a datalogger box 
      
           A                                              B  






















Figures A1 to A18 (Appendix A) show the anchors movements from the be-
ginning of installation of all extensometers until 10/2/08 (panel B6 started mining). 
From Table 1.3, the extensometer 1-1 was the deepest extensometer in borehole 
1 from 286.3 ft to 395.7 ft below the surface. The anchor reading was 2.5 in after 
installation on 7/28/2007. After 2 months, the anchor (1, 1, 1) moved downward 
from 2.5 in (7/29/2007, 12:30 PM) to 0 (9/29/2007, 12:30 PM) and kept the read-
ing for 3 days. The anchor (1, 1, 1) moved upward from 0 (10/2/2007, 6:30 AM) 
to 11.86 in (10/2/2007, 7:00 AM) and the readings varied from -4 in to 12 in. Dur-
ing this anchor movement period, there were no mining activities in the study 
area. Therefore, the anchor (1, 1, 1) was assumed to be damaged by unknown 
reasons, because it was impossible for the anchor to undertake such a large 
amount of compression. The other two anchors (1, 1, 2 and 1, 1, 3) readings 
show the similar behavior as the anchor (1, 1, 1). 
The readings from anchors (1, 1, 4) and (1, 1, 5) indicated that the anchors 
had been damaged by exceeded extension of anchors because their movement 
had exceeded the maximum displacement of 20 in on 9/27/07, 12:30 AM. 
The extensometer 2-1 show the similar behavior as the extensometer (1, 1), 
and it was unreliable to monitor the overburden movement. 
During the monitoring period, all other extensometers remained stable and 





CHAPTER 5. DETERMINATION OF POST-MINING HYDRAULIC 
PARAMETERS 
Underground longwall mining generally causes immediate and rapid subsidence 
of overburden strata and the ground surface. Mine subsidence causes fractures 
in the overlying strata and enlarges bedding plane separations, increasing the 
effective porosity and storativity of the overlying strata. Generally, the water in 
deeper aquifers located in the lower fractured zone drains into the mine void due 
to the vertical fractures. Moreover, the water level will not recover after longwall 
mining (may recover when the mine is flooded). The upper aquifers over the thick 
aquitard layers may maintain the water level or drop slightly during longwall min-
ing and recover very quickly. The reason is that the underlying aquiclude layer 
has less change in porosity and permeability after longwall mining (Carver, 1994). 
5.1 Longwall Mining Subsidence of Panels B5 and B6 
The immediate roof above the mined panel caves into the void created by the ex-
traction of coal. This completely caved rubble zone extends above the mined 
panel as much as four to six times the extraction thickness. Above the caved 
zone, a transitional zone of high fractured rock can reach as much as 20 to 50 
times the mining height. The fractured zone is characterized by extensive vertical 
fractures, bed separations, and some massive block-type caving. The groundwa-




Little recovery of water level can be expected until the mine is allowed to be 
flooded after the completion of mining. 
If the mine is at sufficient depth, there may be an additional bending zone 
above the fractured bedrocks. Most of the rock movements in this zone are minor 
vertical and horizontal slippages between strata. These intact layers tend to limit 
the downward movement of groundwater to the mine void and cause this zone to 
serve as an aquitard where it is present. Water levels in this zone may temporari-
ly decline slightly because of increases in porosity and storativity, but they often 
subsequently recover to pre-mining levels or higher due to recharge of the over-
lying aquifers. 
Near surface strata (generally up to about 50 ft deep) are susceptible to frac-
turing and movement during subsidence. Although water levels in shallow wells 
often decline slightly because of an increase in permeability and storativity asso-
ciated with subsidence, these changes may actually result in an increased avail-
ability of ground water. 
5.1.1 Final subsidence in panel B5 and B6 
The longwall panels under the study area were panels B5 and B6. The overbur-
den depth varied from 600 to 900 ft. The average mining height was about 7 ft. 
Panel length were 12,000 and 4,000 ft for panels B5 and B6, respectively. The 
panel width for both panels B5 and B6 was 1,430 ft. The entry width of the head-




was 200 ft wide. The average longwall face retreat rate was 30-50 ft/day during 
the longwall face was mining under the study area.  
1. Final subsidence in panel B5 
The longwall face in panel B5 started on 12/30/2006 and ended on 11/20/2007, 
for a total of 405 working days. The average retreat rate was 30 ft per day. Fig-
ures 5.1 and 5.2 showed the panel layout, surveying line arrangements and sur-
face topography of panels B5 and B6. 
The survey benchmark point P1 for the panel B5 subsidence survey was lo-
cated at the center of panel B6, 700 ft away from the edge of panel B5. The 
benchmark point P1 should not be affected by mining activities of panel B5 
based on subsidence theory and practice in the Appalachian region. Figure 5.3 
showed the final subsidence profiles in panel B5. These subsidence profiles 
represent changes in surface elevation between the original surface topography 
and subsequent surveys. The first survey was performed on 08/04/2007 when 
the longwall face was 1,443 ft inby the survey line P1-P57. There was no subsi-
dence observed at this time. When the longwall face was 53 ft inby the survey 
line (10/07/2007), about 0.2 ft subsidence occurred at the center of panel B5. Af-
ter the longwall face was 234 ft outby the survey line (10/14/2007), 2.5 ft subsi-
dence occurred at the center of panel B5. When the longwall face was 541 ft 
outby the survey line, 4.6 ft subsidence occurred at the center of panel B5 
(10/20/2007). Subsidence almost reached the maximum value when the longwall 
face was 1,920 ft outby the survey line (10/28/2007). The final measured subsi-




2. Final subsidence in panel B6 
The survey benchmark B001 for the panel B6 subsidence survey was located 
inside panel B7, 480 ft away from the edge of panel B6. The first survey was on 
11/05/2008, when the longwall was 133 ft inby the survey line P1-P57. No Subsi-
dence was observed on the survey line except measurement errors (Figure 5.4). 
When the longwall face was 105 ft outby the survey line (11/11/2008), 0.57 ft 
subsidence was measured at the center of panel B6. When the longwall was 244 
ft outby the survey line (11/14/2008), 2.43 ft subsidence was measured at the 
center of panel B6. Subsidence almost reached the maximum value when the 
longwall face was 930 ft outby the survey line (12/03/2008). The final measured 
subsidence at panel B6 was 4.3 ft. Figure 5.4 showed the final subsidence pro-
files in panel B6. 
Figure 5.5 showed the combined final subsidence profiles for panels B5 and 
B6. The final maximum subsidences at the center of panels B5 and B6 were 5.0 
and 4.3 ft, respectively. The average overburden depth in panels B5 and B6 were 
750 and 600 ft, respectively. According to the subsidence theory, the more over-
burden depth, the less maximum final subsidence. Comparing panels B5 and B6, 
panel B6 which had less overburden depth had more subsidence than that in 
panel B5. This kind of phenomenon could be caused by mining height/geological 
anomalies. In other words, there might be either less mining height or there ex-
isted some hard roof rock intrusions under the survey line in panel B5.  
Figure 5.6 shows the curve-fitting results of panel B6 subsidence. The angle 




major influence was 58.92o. The subsidence over the chain pillar system was 0.3 
ft. 
3. The ground surface horizontal strain 
Figure 5.7 shows the measured final strain profile of panel B6. The maximum 
tensile strain was 0.012 ft/ft, 620 ft from the center of the panel B6. It was found 
by researchers (Gale, 2010) that surface water typically inflow into the underlying 
strata when the tensile strain is above 610-3 ft/ft and high inflows into the under-
lying strata and high inflow may occur at strain greater than 110-2 ft/ft. In this 
study, there was about 50 ft wide of ground surface above the panel B6 that in-
duced the tensile strains greater than 610-3 ft/ft (Figure 5.7). The surface water 
in the critical strain area tended to drain and flow into the underlying strata. 
These surface tensile cracks near the panel edges opened permanently until the 
cracks were filled by debris flowed with the water movement. It was, therefore, 
concluded that the water in the surrounding area where surface cracks occurred 
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5.1.2 Dynamic subsidence in panels B5 and B6 
Figure 5.8 shows the surface topography of the dynamic subsidence survey lines 
in panels B5 and B6. The longitudinal survey lines were located at the center of 
panels B5 and B6. The total length of the dynamic survey lines were 936 and 964 
ft in panels B5 and B6, respectively. The interval between survey monuments 
was 40-50 ft depending on the surface topography, trees, and buildings on the 
ground. The benchmarks for the dynamic subsidence survey in panels B5 and 
B6 were the same as they were in the cross-section survey line (P1 to P57). 
Longwall mining in panel B5 started on 12/31/06 and ended in 11/21/2007. 
The total working days were 276 days. The longwall mining under the dynamic 
survey line in panel B5 was from 09/07/2007 to 10/13/2007. All of the survey data 
in panel B5 from 9/1/2007 through 3/13/2008 were plotted in Figure 5.9. The ver-
tical line with a date on it refers to the longwall face location on that date. Figure 
5.9 illustrates the relationship between the dynamic subsidence and the location 
of longwall face. It also indicates that incipient subsidence along the panel center 
followed the longwall face slightly in front of the faceline with subsidence over the 
longwall face around 0.2 ft. The maximum subsidence in the panel center de-
creased along the mining direction when the sandstone channel intrusions oc-
curred in the roof. 
Longwall mining in panel B6-A1 started on 9/15/2008 and ended on 
2/27/2009. The total working days were 127 days. The longwall face passed un-




vey data in panel B6 from 11/3/2008 to 3/18/2009 were plotted in Figure 5.10. 
The vertical line with a date on it refers to the longwall face location on that date. 
Figure 5.10 illustrates the relationship between the dynamic subsidence and the 
location of the longwall face. It also indicates that subsidence along the panel 
center followed the longwall face but in front of the faceline with subsidence over 
the longwall face around 0.15 ft. 
Figure 5.11 shows the subsidence development curves in panels B5 (point 
507) and B6 (point 616), respectively. The dynamic subsidence period in panels 
B5 and B6 covers a distance of around 950 ft. The starting point of subsidence 
was around 100 ft ahead of the longwall face, and the end point of final subsi-
dence was around 850 ft behind the longwall face. Therefore, the period of po-
tential water resource disruption by overburden strata movement was about 1 
month if the mining retreat rate was 30 ft/day. The overburden strata settled 
down gradually and the hydraulic conductivity became less than that during min-
ing or even smaller than the virgin state of pre-mining condition. The water levels 
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5.1.3 Observations of surface fractures 
Surface fractures were observed along Interstate I-79 and the surrounding farms 
at various times throughout the mining of panels B5 and B6. In some areas, the 
fractures were zones of multiple fractures. Figure 5.12 shows the surface 
fractures near the mined panel B5. Figure 5.13 shows the surface fractures near 




















5.2 Monitoring the Overburden Strata During Longwall Mining in Panel B6  
The extensometer datalogger was assembled in the field on 07/27/2007. It was 
connected to the three borehole extensometers with communication cables. The 
borehole 1 was located at the center of panel B6; borehole 2 was located at one 
fourth of the panel width of panel B6, and borehole #3 was located at the edge of 
panel B6. Each borehole consisted of three extensometers, and each extenso-
meter had six anchors grouted at various depths. The purpose of using three bo-
rehole extensometers was to measure the subsurface strata movements above 
the longwall face at various points across the panel. Figure 4.22 shows that the 
anchor readings were being downloaded to a computer through a datalogger. 
The anchor readings in three boreholes were collected by the datalogger every 
30 minutes. Since the longwall face passed under the three boreholes on 
11/08/2008, all of the anchor readings from the extensometers were collected 
from 08/01/2008 to 08/26/09, and the movement data were plotted in Figures B1 
to B18 (Appendix B). 
5.2.1 General description of extensometer movements during mining of 
panel B6 
Figures B1 to B18 show the anchor displacements when the longwall face 
passed under the zones of influence of the three boreholes. The horizontal axis 
refers to dates from 08/01/2008 to 08/26/2009. The vertical axis refers to anchor 
displacements in inches. Positive values indicate that the anchors moved down-




ures show that the extensometers movement started from 10/17/2008, about 800 
ft outby the longwall face. The borehole 1, extensometers 1 and 2; borehole 2, 
extensometers 1, and borehole 3 extensometer 1 had never reached stabilization 
during the data collection period. The two deep extensometers in boreholes 1 
and 2 were not reliable, as stated in Section 4.4, for monitoring the overburden 
movement. The three top extensometers in the 3 boreholes and extensometer 2 
in borehole 3 had reached stabilization on 12/01/2008 when they were 850 ft inby 
the longwall face. In order to interpret the anchor movement in detail, only those 
data obtained when the borehole was 700 ft outby to 800 ft inby the longwall face 
location had been analyzed. 
Borehole 1 was located at the center of panel B6. Extensometer 1 was lo-
cated at the bottom of the hole, 206.36 ft to 315.76 ft above the Pittsburgh coal 
seam. Figure 5.14 shows the extensometer behavior during longwall mining un-
der borehole 1. The extensometer 1 began to move down when it was 230 ft out-
by the longwall face. The anchors moved randomly after the longwall face 
passed them. This was because the header had some unknown problems after it 
was installed initially on 9/27/07. Soon after installation, the anchors (1. 1. 4) and 
(1. 1. 5) reached the maximum value of 20 in. This might have damaged the 
header connected to the lower 6 anchors, i.e., from anchor (1. 1. 1) to anchor (1. 
1. 6). 
Borehole 1 extensometer 2 was located in the middle of the borehole 1, 
337.56 to 446.96 ft above the Pittsburgh coal seam. The anchors began to move 




shows that the displacement of anchor (1. 2. 6) was less than that of other anc-
hors because this anchor was located at medium gray shale, and all other anc-
hors were located in the thick WBSS and UNSS. There was about 1 in separa-
tion between the WBSS and overlying medium gray shale. The anchors (1. 2. 1) 
to (1. 2. 5) moved in unison. This indicates that these anchors were located in the 
same rock type layer: Waynesburg Sandstone. The maximum displacements 
were 7.55 in and 8.7 in for anchors (1. 2. 6) and (1. 2. 1) to (1. 2. 5), respectively 
Borehole 1 extensometer 3 was located on the top of borehole 1, 468.86 to 
578.16 ft above the Pittsburgh coal seam. The extensometer 3 began to move 
down when it was about 300 ft outby the longwall face. Figure 5.16 shows the 
measured displacement for extensometer 3. Figure 5.16 indicates that the lower 
anchors from (1. 3. 1) to (1. 3. 3) had nearly the same amount of displacement. 
There was a 2.4 in separation between anchors (1. 3. 3) and (1. 3. 4). The anc-
hor (1. 3. 3) was located at the sandstone, while the anchor (1. 3. 4) was located 
at the overlying gray shale. The anchor (1. 3. 6), which was located in the thin 
limestone near the surface, had less amount of displacement.  
Borehole 2 extensometer 1 was the deepest and was located from 211.96 to 
321.36 ft above the Pittsburgh coal seam. It began to move when the borehole 2 
was about 230 ft outby the longwall face. The rate of subsidence was the largest 
when the longwall face was exactly under it. The maximum displacement was 35 
in for the deepest anchor (2 .1 .1). The reference point of anchors - ground sur-
face moved down suddenly after the longwall face passed the borehole 2 about 




less). The lower anchor should move down more than that of the immediate over-
lying anchor. However, Figure 5.17 shows a random distribution due to the prob-
ability of damage to the header, because the anchor (2. 1. 3) reached the limiting 
value 20 in on 10/15/07. 
Borehole 2 extensometer 2 was located at the middle of borehole 2, 343.26 
to 452.56 ft above the Pittsburgh coal seam. Figure 5.18 shows that it started to 
move when the longwall face was 400 ft outby and dropped rapidly when the 
longwall face was under it. Anchors (2. 2. 1) to (2. 2. 5) were located in the UNSS 
and WBSS, whereas the anchor (2. 2. 6) was located in gray shale. There was 
an 8 in separation between WBSS and the overlying gray shale. 
Borehole 2 extensometer 3 was located at the top of borehole 2, 474.46 to 
583.86 ft above the Pittsburgh coal seam. Anchors (2. 3. 1) to (2. 3. 5) were lo-
cated in the dark gray shale and the anchor (2. 3. 6) was in the medium gray 
shale. There was a 5.6 in separation between the anchor (2. 3. 5) and (2. 3. 6). 
Figure 5.19 shows the anchors movement behavior when longwall mining was 
under it. 
Borehole 3 extensometer 1 was located at the deepest level of borehole 3, 
227.76 ft to 337.16 ft above the Pittsburgh coal seam. The anchors started to 
move when the borehole 3 was about 200 ft outby the longwall face and dropped 
rapidly when it was 185 ft outby the longwall face. Figure 5.20 shows that the 
overburden strata reached equilibrium when the borehole 3 was 545 ft inby the 
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Borehole 3 extensometer 2 was located at the intermediate level of borehole 
3, 359.06 to 468.36 ft above the Pittsburgh coal seam. The anchors (3. 2. 1) to (3. 
2. 4) were located in the UNSS and WBSS. Anchors (3. 2. 5) and (3. 2. 6) were 
located in the overlying gray shale. There was a 0.8 in separation between 
WBSS and overlying gray shale. Figure 5.21 shows that the overburden strata 
reached equilibrium when the borehole 3 was 700 ft inby the longwall face. 
Borehole 3 extensometer 3 was located at the top of borehole 3, 490.26 to 
599.66 ft above the Pittsburgh coal seam. The maximum displacement was 1.1 
in by anchor (3 .3. 4). The anchors (3. 3. 1), (3. 3. 3), (3. 3. 5) and (3. 3. 6) were 
not disrupted by longwall mining. Figure 5.22 shows that four anchors (3. 3. 1); (3. 
3. 3); (3. 3. 5) and (3.3.6) moved up slightly (<0.02 in) except anchors (3. 3. 2) 
and (3.3.4) which moved downward 1 and 1.1 in, respectively. 
For the deepest anchors, the measured starting point of strata movement 
was about 230 ft ahead of the longwall face. For the intermediate anchors, the 
measured starting point of strata movements were from 300 to 400 ft ahead of 
the longwall face. For the top anchors, the measured starting point of strata 
movement were 500 ft ahead of the longwall face. This phenomenon shows that 
every 133 ft (length of extensometer) thick of overburden strata, the starting point 
of anchor movement increased about 100 ft ahead of the longwall face. 
Figures 5.14 to 5.22 show that the overburden strata were disturbed in order 
of severity from the immediate roof toward the surface. The magnitude of rock 




the time period of overburden strata movement from the beginning to the end 
was about 3 weeks. 
5.2.2 Strain analysis of extensometer movements during mining of panel 
B6 
1. Extensometer B1 
The bottom six anchors consisting of anchors (1. 1. 1) to (1. 1. 6) began to move 
when they were 600 ft in front of the longwall face (Figure 5.14). At this time, the 
displacement was extremely small and increased slowly with the advancing face 
at 110-4 ft per ft of face advance. When they were 300 ft in front of the face, the 
rate of displacement increased to 1.1710-3 ft per ft of face advance. When the 
anchors were directly above the face, they dropped suddenly from 5 in for anchor 
(1. 1. 6) to 7 in for anchor (1.1.2). The rate of displacement further increased to 
1.58x10-3 ft per ft of face advance within the first 100 ft past the face. The total 
anchor displacement stabilized between 8 and 15 in after the face had past it 
more than 700 ft. The maximum anchor displacement of 8-13 in occurred after 
the face had passed by 100 ft with a sudden drop of 4 - 6 in indicating strata col-
lapse.  
The middle six anchors (1. 2. 1 to 1 2. 6) also began to move when the face 
was 700 ft inby them with 8.010-3 ft per ft of face advance (Figure 5.15), increas-
ing to 1.1410-3 ft per ft from when the face was 300 ft inby to directly under them. 
The anchors dropped suddenly from 1 in for anchor (1 .2. 6) to 1.4 in for all other 




ment within 200 ft face past were 1.2110-3 and 1.5410-3 for anchor (1. 2. 6) and 
all others, respectively. The total anchor displacement stabilized between 6.5 and 
8.5 in after the face had passed them 550 ft. The maximum anchor displacement 
(extension) of 7.5-8.7 in occurred after the face had passed them 175 ft. 
The top six anchors (1. 3. 1 to 1. 3. 6) also began to move when the face was 
700 ft inby the anchors for the bottom 4 anchors (1. 3. 1 to 1. 3. 4) (Figure 5.1.6), 
while the top two anchors (1. 3. 5 and 1. 3. 6) began to move when the face was 
150 ft and 10 ft inby them, respectively. The initial rate of displacement was very 
small at 8.310-6 ft per ft of face advance. It increased to 8.010-5 ft/ft when the 
face was within 300 ft inby them. Again all anchors except (1. 3. 6) dropped sud-
denly between 0-0.98 in when the face was directly under them. The rate of anc-
hor displacement increased to 9.7210-4 ft/ft for the first 200 ft when the face past 
them. The displacement of the anchors stabilized between 0.1 and 5.8 in after 
the face had passed them 400 ft. The maximum anchor displacement (subsi-
dence) 0.2-6.0 in occurred when the face had passed them 200 ft. All 18 anchors 
showed various amounts of rebound after the face had passed them 100-150 ft 
with the deepest one having the largest decreasing with shallower ones. 
It appeared that the bottom three anchors (1. 1. 1-1. 1. 3) that were anchored 
in the median gray shale acted as a unit, separating them from the nine anchors 
above (1. 1. 4-1. 1. 6 and 1. 2. 1 to 1. 2. 6) that were anchored in the brown and 
white sandstone and also acted as a unit. The lower three anchors (1. 3. 1 to 1. 3. 
3) of the top extensometer that were anchored in the medium gray shale acted 




ment increasing with depth. Consequently, Fig 5.23 shows that in borehole B1, 
there were three major strata separations, the first one was between anchors (1. 
1. 3) and (1. 1. 4) at the contact between the medium gray shale and the overly-
ing brown sandstone.  The second one was between anchors (1. 2. 6) and (1. 3. 
1) at the contact between white sandstone and the overlying medium gray shale. 
And the third one was between anchors (1. 3. 3) and (1. 3. 4) at the contact of 
the medium gray shale and black shale. The strata within 70 ft below the surface 
were also disturbed.  
The strains were calculated based on the maximum anchor displacement 
when movement stabilized and the face had passed them 600-700 ft (Figure 
5.23). Strain between anchors was calculated as the difference between anchor 
displacements divided by the distance between the anchors. Since major differ-
ences occurred at or near the contact plane of different rock types, it was as-
sumed those strains were due to strata separation. 
Note the above-mentioned interpretation assumed that displacement of anc-
hors (1. 1. 4) and (1. 1. 6) prior to face arrival were in unison with all other 4 anc-
hors. Because their displacement trends from 300 ft ahead to directly above the 

















2. Extensometer B2 
As mentioned previously, the lower 6 anchors consisting of anchors (2. 1. 1) to (2. 
1. 6) were unreliable as shown by readings immediately after installation (Figure 
A7).  
The middle six anchors (2. 2. 1) to (2. 2. 6) were also unreliable, with the 
possible exception of anchors (2. 2. 1) and (2. 2. 3). Anchors (2. 2. 1) and (2. 2. 3) 
began to move when they were 700 ft outby the face. But the rate of displace-
ment was only barely detectable, being 4.1710-5 ft per ft of face advance. The 
rate increased to 6.3910-4 ft per ft of face advance from 300 ft outby the face to 
directly above the face. It increased further to 1.1410-3 when the face had 
passed them. Both anchors dropped suddenly to 13-14.2 in when the face was 
directly under them. The maximum anchor displacements were 14.5 and 18 in for 
anchors (2. 2. 3) and (2. 2. 1), respectively, when the face had passed them 110 
ft. 
Among the top six anchors (2. 3. 1) to (2. 3. 6), anchor (2. 3. 6), the one 
closest to the surface, didn’t move before face arrival and only moved barely de-
tectable after the face had passed it. The other five anchors acted as a unit start-
ing at location 700 ft outby the face with the rate of displacement at 6.2510-5, 
increasing to 6.6710-4 ft per ft of face advance at 300 ft outby the face. The rate 
of displacement further increased to 9.5810-4 ft/ft after the face had passed 
them. A sudden drop of 1.5 in occurred when the face was under them. Anchor 
displacement stabilized after the face had passed them 600 ft. The maximum 




It appeared that there was a separation between anchors (2. 2. 6) and (2. 3. 
1), most likely at the contact between the white sandstone below and dark gray 
shale above (Fig. 5.23). There was also a separation between anchors (2. 3. 5) 
and (2. 3. 6), probably at the contact between the dark gray shale below and me-
dium gray shale above. The strata about 24 ft deep below the surface were not 
disturbed. 
3. Extensometer B3 
The bottom six anchors (3. 1. 1) to (3. 1. 6) were unreliable, because they did not 
respond to longwall face movement before and after the longwall face passed 
them (Fig. 5.20). 
The middle six anchors began to move at the rate of 4.210-5 ft per ft of face 
advance when the longwall face was 700 ft inby them. The rate increased to 
1.2710-4 – 2.2510-4 ft/ft between 300 and 0 ft outby the face. When the long-
wall face was directly under them, anchor displacements ranged from 0.82 to 
1.18 in, with a sudden drop ranging from 0.7 to 1.2 in. The maximum anchor dis-
placements of 1.17-1.75 in were reached when the face was 600 ft outby them. 
At this time it appeared that the top two anchors (3. 3. 5) and (3. 3. 6) were sepa-
rated from the bottom 4 anchors (3. 2. 1) to (3. 2. 4) by 0.5 in. 
Among the top six anchors (3. 3. 1) to (3. 3. 6), anchor (3. 3. 6), the one most 
closet to the surface, did not move until about when the longwall face was 200 ft 
inby it. It was then lifted up barely detectable throughout the monitoring period. 
The other five anchors acted as a unit starting at location 700 ft outby the long-




ft of face advance at 300 ft outby the face. The rate of displacement further de-
creased to 0.410-4 ft/ft after the longwall face had passed them. A sudden drop 
of anchors of 1.4 in occurred when the longwall face was under them. Anchor 
displacement stabilized after the longwall face had passed them by 400 ft. The 
maximum anchor displacement was 1.1 in. 
It appeared that there was a separation between the white sandstone above 
and the brown sandstone below. The strata above from the white sandstone at 
anchor (3. 2. 1) at the bottom to medium gray shale at anchor (3. 3. 4) acted as a 
unit, separating it from the strata above. The strata about 50 ft deep below the 
surface were undisturbed. 
4. Summary of anchor displacement and overburden movement 
1) Strata movement detectable by the precision instrument began when 
the longwall face was 700 ft inby the MPBX. It accelerated when the face was 
300 ft inby MPBX. When the face was directly under MPBX, a sudden anchor 
displacement occurred, indicating rapid strata movement once under-mined. 
Strata movement stopped when the face was 400-700 ft outby it. 
2) All 18 anchors were installed 206-228 ft above the Pittsburgh seam 
where longwall mining was performed. Above these elevations, strata movement 
appeared to have occurred in the form of separation between strata with signifi-
cant contrast in stiffness, e.g., between sandstone and shale, or between thin 




3) For both B1 and B2 borehole locations, being located at panel center 
and quarter panel, respectively, the height of strata disturbance was about the 
same, i.e., up to the top of the white sandstone or 446-453 ft above the Pitts-
burgh seam. For B3 being located near the gateroads, strata disturbance did not 
reach the bottom of the borehole, or 228 ft above the Pittsburgh seam. It must be 
emphasized that strata disturbance stated here was interpreted in the form of ho-
rizontal bedding plane separations, not necessarily implying vertical connection 
between separations at the levels discussed in this research. 
4) Strata up to 90 ft below the surface were disturbed at the panel center. 
However, strata up to 24 and 50 ft below the surface at the quarter panel location 
and near the gateroads, respectively were not disturbed. This seems to conflict 
with the commonly held concept that there are cracks near the gateroad. In fact, 
it was not. The observable cracks on the surface were vertical while strata distur-
bance discussed in this research was horizontal strain. 
Table 5.1 shows the salient features of anchor movements during mining of 
the panel B6.  Figure 5.23 shows anchor displacements and strains. 
5. Strategy for interpretation of anchor displacement 
1) The borehole stratigraphic logs were drillers’ logs for all three boreholes. 
However, there was a borehole with geologist’s logs available about 100 ft from 
borehole B1. So the geologist’s logs were used for borehole B1, even though 




2) In all cases anchor displacements were measured against the anchor 
head at the borehole mouth on the surface. So it did not include the amount of 
surface subsidence. 
3) The measured anchor displacements were assumed to be purely vertical. 
They did not include any possible lateral displacements along the bedding planes 
that might have occurred during mining. 
4) Several anchors showed strata compression between anchors, which 





Table 5.1 Salient features of anchor movement during mining of Panel B6 
Exten-
someter 
Anchor displacement when the longwall face was 
Initiation point
1
 ,  
ft 










1.1 + 600 3.5-5.7 0.3-1.2 7.5-11.0 >-700 6.5 - 12.5 
1.2 + 700 4.6-5.8 0.8-1.3 7.5-  8.6 -550 6.5 - 8.5 
1.3 + 700 0 – 4.5 0.8 0.1-  6.0 -400 0.1 - 5.6 











 1.0 - 4.0 ?
2 












 2.0 - 5.0 ?
2 
2.3 + 700 4.0 0-1.3 6.0-6.2 -  600 0, 5.9 
3.1 ?
2 
? ? ? ? ? 
3.2 + 700 0.82-1.18 0.12-0.26 0.95-1.41 -600 1.17 - 1.75 
3.3 + 700  0-0.16 0-0.98 -400 0 - 1.1 
 
“+” means in front of (in solid coal), while “–“ means behind (in the gob), the longwall face. 










5.3 Correlation Between Subsidence and Extensometer Movement 
As discussed in section 5.2.1, the measured final anchor movement was from 
ground surface of post-subsidence to the anchor point. In this section, the rela-
tionship between ground subsidence and extensometer movement was dis-
cussed. Figures 5.24 to 5.32 show that the measured absolute anchor displace-
ments for boreholes 1, 2 and 3. The horizontal axis refers to relative distance 
from the borehole location to the longwall face in ft. The vertical axis refers to the 
absolute anchor movement (in inch) from the surface points of pre-mining to the 
anchor points of post-mining conditions.  
These figures show that the anchor movement profiles were similar to the 
subsidence development profiles, especially for the top anchors with minor anc-
hor displacements (Figures 5.26, 5.29 and 5.32). The reason was that the magni-
tude of final subsidence was much more than that of top anchor movements. For 
the borehole 1, the anchor movement profiles were the same as the subsidence 
profiles except the anchor vertical values were the sum of subsidence and anc-
hor movement. The starting point of the anchor movement was 400 ft outby the 
longwall face. The rate of anchor displacement of post-mining was larger than 
that of pre-mining. The end point of the final anchor displacement was about 700 
ft inby the longwall mining. The dynamic anchor movement period in borehole 1 
was about 1,100 ft. 
Figure 5.27 shows the measured anchor displacement for borehole 2, exten-
someter 1. The anchor started to move when the borehole was about 200 ft out-




movements due to the dynamic and final subsidences. The anchor suddenly 
dropped from 0 in to 33 in for anchor (2. 1. 1) when the longwall face was under 
the borehole location. The anchors continue to move downward for about 7 in 
after the borehole was 105 ft inby the longwall face. Thereafter, the distance be-
tween extensometer header and anchor was reduced (the profile jumped up 
about 18 in at 105 ft) when the borehole was 105 ft inby the longwall face. This 
phenomenon might be caused by the strata dynamic horizontal movement after 
the longwall face passed the borehole location. Figure B7 shows that the bore-
hole 2, extensometer 1 had not stabilized during the anchor monitoring period. 
The profiles of borehole 2, extensometer 2 showed similar behavior as the 
extensometer 1, except that the anchor sudden drop above the longwall face was 
smaller than that of the extensometer 1. 
Figures 5.30 to 5.32 show the measured displacement for the borehole 3. 
The deepest anchors (3. 1. 1), (3. 1. 3) and (3. 1. 5) suddenly dropped from 7 in 
to 14 in when the borehole 3 was about 180 ft outby the longwall face. Thereafter, 
the anchor readings became less when the borehole was 550 ft inby the longwall 
face. This phenomenon was caused by the strata dynamic horizontal movement 
after the longwall face passed the borehole 3 location. The starting points of anc-
hor movements was more than 180 ft outby the longwall face, and the starting 
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5.4 Water Levels of Post Mining Panels B5 and B6  
Four water wells W1 to W4 were located at the panels B5 and B6 (Figure 1.12). 
W1 water wells were located at the center of panel B6; W2 water wells were lo-
cated near the edge of panel B6; W3 wells were located at the edge of panel B5, 
and W4 water wells were located at the center of panel B5. The water levels in 
wells were slightly affected by the weather conditions, but they were considered 
as constant before longwall face approached to them. The panel B5 has been 
mined from 12/30/2006 to 11/20/2007, and panel B6 from 9/15/2008 to 2/27/2009. 
5.4.1 Post mining panel B5 water levels 
Water elevations in the four wells were recorded pre- and post-mining of panel 
B6 in order to detect groundwater fluctuations induced by mining activity. Figures 
5.33-5.36 show the water elevations in W1-W4 wells during mining of panel B5. 
The horizontal axis refers to date and the vertical axis refers to water elevation. 
The dotted vertical line with a date on it refers to the longwall face location on 
that date. 
Longwall face of panel B5 passed under the location W3 and W4 on 
10/8/2007. The water levels in the W1 and W2 shallow and deep wells in panel 
B6 were not affected (Figure 5.33 and 5.34). The water levels were almost same 
as the pre-mining conditions. The water level in W2I were not affected by the 
longwall of panel B5 but for the pumping tests performed in 08/16/2007 because 




not affected by the post-subsidence of panel B5. The W3 wells were located at 
the edge of panel B5 and affected by the longwall of panel B5. When the W3 well 
was 450 ft inby the longwall face (10/17/2007), the water level in W3S well 
started to decline from 1,173 (10/17/2007) to 1,158 ft (11/18/2007) (Figure 5.35). 
The water in W3S was completely lost after the date of 11/18/2007 and has nev-
er recovered during the water monitoring period (2/11/2009). The water level in 
W3I started to decline when the well was 100 ft inby the longwall face. The water 
level from 1,104 ft dropped to 1,077 ft when the well was 600 ft inby the longwall 
face of panel B5. The water table declined slowly with the advancing face at 
5.410-2 ft/ft of face advance or the average dewatering rate in W3I well was 2.45 
ft/day. Thereafter, the water level recovered to around 1,110 ft on 11/01/2007 
when the W3 well was 1,207 ft inby the longwall face of panel B5. The water lev-
el in W3I was stable before the longwall face of panel B6 approached W3 well. 
The water elevation in W3D well started to decline when the well was 495 ft out-
by the longwall face of panel B5. The water level declined slightly after the long-
wall face of panel B5 passed under it and the water level remained about 907 ft 
in W3D well until the longwall face of panel B6 approached it. 
W4 well was located at the center of panel B5. The water in W4S well was 
lost after the longwall face in panel B5 passed under it, and did not recover dur-
ing the water monitoring period (Figure 5.36). The water level of W4I interme-
diate well declined slightly after the longwall face of panel B5 passed it, and wa-
ter elevation rebounded very quickly though fluctuated. The water level was sta-




8/11/2008. Unfortunately, there was no more data collected from 8/10/2008 on-
ward to show the water elevation behavior because the transducer was firmly 
stuck in well and unable to be extracted for calibration. A video inspection of the 
well confirmed that the PVC pipe had been heavily warped. Consequently, the 
transducer cable had became so tightly squeezed that it was unable to correctly 
record the hydraulic pressure in the well relative to the atmospheric pressure via 
a hollow conduit in the cable. The water elevation in W4D well dewatered com-
pletely when the longwall face of panel B5 passed under it, and the water eleva-
tion has never rebounded during the water monitoring period (Figure 5.36). Un-
fortunately, there was no more data collected in W4D well before the longwall 






































Distance  from W1 well to Longwall face of panel B5
 






























-500 -400 -300 -200 -100 0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800 1,900 2,000 2,100 2,200
W2S W2I W2D




























-700 -600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800 1,900 2,000
W3S W3I W3D




























-500 -400 -300 -200 -100 0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800 1,900 2,000
W4S W4I W4D
















5.4.2 Post mining panel B6 water levels 
Figures 5.37 to 5.41 show the water elevations in W1-W4 wells during mining of 
panel B6. The horizontal axis refers to date and the vertical axis refers to water 
elevation. The dotted vertical line with a date on it refers to the longwall face lo-
cation on that date. 
Panel B6 started mining on 9/15/2008 and finished on 2/27/2009. The long-
wall face passed under the location W1 on 11/8/2008. When the W1 well was 
865 ft outby the longwall face (10/16/2008), the water level in W1S well started to 
decline from 1,111.66 (10/016/2008) to 1,105.97 ft (11/06/2008) (Figure 5.37). 
The water level declined slowly with the advancing face at 6.8810-3 ft/ft of face 
advance or the average dewatering rate in W1S well was 0.26 ft/day. Thereafter, 
the water level declined rapidly from 1,105.97 to 1,091.28 ft when the W1 well 
location was 54 and 0 ft outby the longwall face location on 11/07/2008 and 
11/08/2009, respectively. The W1S well almost dried out during the water level 
monitoring period (2/11/2009). 
When the W1 well was 918 ft outby the longwall face (10/15/2008), the water 
level in W1D well started to decline from 930.99 ft (10/15/2008) to 915.72 ft 
(11/6/2008). The water level declined slowly with the advancing face at 1.910-2 
ft/ft of face advance or the average dewatering rate in W1D well was 0.69 ft/day. 
Thereafter, the water level declined rapidly from 915.72 to 863.02 ft when W1D 
well was 112 ft inby the longwall face location on 11/11/2008 (Note that the bot-




well was 10.45 ft/day or 0.11 ft/ft of face advance. The water in W1D well was 
completely lost for 3 days from 11/11/2008 to 11/14/2008. The water level in 
W1D began to recover to the original water level from 863.97 ft on 11/15/2008 to 
934.54 ft on 12/17/2008. The water level continued to rise up until it reached the 
equilibrium of 985.64 ft on 01/28/2009. The water recharge rate to W1D well was 
3.83 ft/day. W1D well recovered very rapidly and the water level was higher than 
that of the pre-mining condition. It indicates that an aquitard or a less permeable 
layer underlied the W1D well bottom and the overlying layers recharged the W1D 
deep well. 
The water level in W2S well started to decline from 1,127.02 ft when it was 
650 ft outby the longwall face on 10/21/2008 to 1,118.15 ft when it was 256 ft in-
by the longwall face on 11/12/2008 (Figure 5.38). The water level declined slowly 
with the advancing face at 1.110-2 ft/ft of face advance or the average dewater-
ing rate in W2S well was 0.40 ft/day. Thereafter, the water level declined rapidly 
from 1,118.5 to 1,100 ft when the W2S well was 465 ft inby the longwall face on 
11/18/2008 (Note that the bottom elevation in W2S was 1,099.93 ft). The dewa-
tering rate of water level in W2S well was 1.34 ft/day. After the longwall face 
passed it, the water column in W2S well was less than 1 ft during the water level 
monitoring period (except on rain/snow days) (Figure 5.38). 
The water level in W2I well started to decline from 1,071.31 ft when it was 
1,306 ft outby the longwall face on 10/01/2008 to 1,059.97 ft when it was 113 ft 
outby the longwall face on 11/03/2008. The bottom elevation in W2I was 




water column in W2I well was less than 1 ft from 11/03/2008 to 08/19/2009. The 
water level in W2I rebounded substantially form almost dry (8/19/2009) to the 
original water level of 1,071.76 ft on 8/27/2009. The water level continued to rise 
up until it reached the equilibrium around 1,089.10 ft on 10/02/2009. The re-
charging rate of water level in W2I well was 0.7 ft/day. Figure 5.39 shows that 
W2I well recovered about 10 monthly after mining and the recovered water level 
was higher than that of the pre-mining condition. This abnormal situation was at-
tributed to an aquitard or a less permeable layer underlying the W2I well bottom, 
and the overlying layers recharging the W2I intermediate well. 
As discussed previously in Section 4.1, the water level of W2D well was 
higher than that of W2I. This was not reasonable as compared to those for W1D 
and W3D wells. It was, therefore, postulated that surface water seeped into the 
Waynesburg aquifer because of the sealing construction. 
The water elevation in W2D well dropped rapidly from 1,112.39 ft when it 
was 113 ft outby the longwall face on 11/03/2008 to 933.28 ft when it was 402 ft 
inby the longwall face on 11/18/2008. The bottom elevation of W2D well was 
932.39 ft. The water in W2D well were completely lost and did not recover during 
the water monitoring period. 
Figures 5.38 and 5.39 show that the water level in W2S and W2I wells de-
clined after the longwall face passed the well locations. The W2I intermediate 
well declined temporarily and recovered after 11 months. The post-mining water 
level in W2I well was higher than that of the pre-mining condition. This phenome-




the vertical connection between the surface aquifers and intermediate well. Sur-
face water recharged the underlying aquifers. It also indicated that there existed 
an aquiclude layer or a lower permeable layer to prevent the water level in W2I 
intermediate well from dropping to the underlying aquifers. 
The W3 well was located at the edge of panel B5. There was about 8 ft from 
the headgate of panel B5. Its water level was affected by mining of panels B5 
and B6 (Figure 5.40). The water in W3S shallow well was lost after the longwall 
face of panel B5 passed under it. It did not recover during the water monitoring 
period  
The water level of W3I intermediate well declined slightly after the longwall 
face of panel B5 passed it, and water elevation rebounded substantially very 
quickly to slightly higher than that of the pre-mining conditions. After the longwall 
face of panel B6 passed the W3 well location, the water elevation in W3I was ap-
parently not affected by longwall subsidence in panel B6. The water level had not 
been affected up until 12/01/2009. It indicated that there existed an aquiclude 
layer or a lower permeable layer to prevent the water level in W3I intermediate 
well from dropping to the underlying aquifers. 
The water elevation in W3D well declined slightly when the longwall face of 
panel B5 passed under it and the water column remained 7-9 ft in W3D well until 
the longwall face of panel B6 approached it. The water was completely lost after 
the longwall face past under W3D well. Unfortunately, there was no more data 




longwall face passed under the W3 well location, because the transducer has 
became irreparably compromised within the well. 
W4 well was located at the center of panel B5. The water in W4S well was 
lost after the longwall face in panel B5 passed under it, and did not recover dur-
ing the water monitoring period (Figure 5.41). 
The water level of W4I intermediate well declined slightly after the longwall 
face of panel B5 passed it, and water elevation rebounded very quickly though 
fluctuated. There was no more data collected from 8/10/2008 onward to show the 
water elevation behavior because the transducer was firmly stuck in well and un-
able to be extracted for calibration. A video inspection of the well confirmed that 
the PVC pipe had been heavily warped. Consequently, the transducer cable had 
became so tightly squeezed that it was unable to correctly record the hydraulic 
pressure in the well relative to the atmospheric pressure via a hollow conduit in 
the cable. 
The water elevation in W4D well dewatered completely when the longwall 
face of panel B5 passed under it, and the water elevation has never rebounded 
during the water monitoring period (Figure 5.41). Unfortunately, there was no 
more data collected in W4D well before the longwall mining face of panel B6 
passed the W4D well due to the same reason as W4I well. 
 
Summary 
Observations of water levels in the intermediate wells (W1I, W2I, W3I and W4I) 




permanently because the water levels declined slightly when the longwall passed 
under them, but rebounded substantially soon after. With lesser direct flow paths 
to the underlying aquifers and the recharge rate exceeding the discharge rate to 
the intermediate aquifers, the water heads in the intermediate wells increased 
until a recharge/ discharge equilibrium was reached. 
The initial water level declines in water wells can be explained by aquifer de-
watering caused by mine subsidence. However, the phenomenon of water levels 
in the intermediate wells rebounding quickly indicated a physical change in the 
aquifer during the initial post-mining period. In order for the water levels of inter-
mediate wells to rebound, settlement of the subsiding rock layers caused partial 
to complete closure of the new fractures and/or the enlarged existing fractures. 
The properties of the aquitard shale layers under the bottom of the intermediate 
wells permitted settlement recompression and limited vertical hydraulic connec-
tions to the underlying aquifers. Table 5.2 shows the summary of the availability 
of water level data. 
Figure 5.42 shows the water elevations after longwall mining of panel B6. 
The surface and deep water elevation completely dropped to underlying aquifers. 
The intermediate wells temporary dewatered when the longwall face passes un-
der it, and rebounded rapidly. Therefore, there were lower hydraulic conductivity 
strata layers between intermediate well and deep well that prevented the water in 
the intermediate well from the deep wells. Figure 5.43 shows a lower conductivity 





Table 5.2 Availability of water level data 
 Panels B5, B6 (Pre-mining) Panels B5, B6 (Post-mining) 
W1 W2 W3 W4 W1 W2 W3 W4 
Shallow         





      
 
  The water well was good for monitoring 
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5.5 Correlation Between Subsidence and Water Levels Fluctuations 
Figures 5.44, 5.45 show the water level fluctuation and a dynamic strain profile at 
the W1 and W2 wells location, respectively. The horizontal axis refers to the dis-
tance between the water well location and the longwall face in ft. The vertical axis 
refers to the water column in the wells in ft and the dynamic strain in 10-3 ft/ft. 
The water started to decline before the starting point of the tension zone of 
the dynamic subsidence. This was because the underlying strata surrounding the 
wells had been disturbed. The hydraulic conductivity increased and the top water 
flowed to the lower strata. The shallow well was dry when the longwall face was 
under it, while water in the deep well was completely lost when the well was 
about 180 ft outby the longwall face due to the fact that the deep well was re-
charged by the overlying aquifers (Figure 5.44). The overburden strata at the 
panel center recompressed after the longwall face passed, and the hydraulic 
conductivity decreased to its pre-mining state or even small. The water level 
quickly rebounded when the water well was about 250 ft inby the longwall face. 
The water in W1 deep well continued to rise up until the water column reached 
the equilibrium around 122 ft when the well was 1,900 ft inby the longwall face. 
For the W2 wells that were at the edge of panel B6, the overburden strata 
have tensile stresses during the dynamic subsidence (Figure 5.45), and the shal-
low and intermediate wells completely lost the water. The deep well was dry 
when the well was 800 ft inby the longwall face. Both the W2 shallow and deep 




diate well started to recover about 10 months after the longwall passed the well 
location (Figure 5.39). This phenomenon show that the tension cracks in shallow 
and deep were remained during the monitoring period. The cracks in the strata 
below the intermediate well was filled by the rock debris settled down from the 
discharged water and developed an aquiclude layer at the bottom of the interme-
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Figure 5.45 Measured W2 water column and dynamic strain 
5.6 Correlation Between Extensometer Movement and Water Levels 
Fluctuations 
Extensometer movement indicated that there were some separations be-
tween different rock types, e. g., separation between gray shale and sandstone. 
In this section, correlation between W1 well and borehole 1 was discussed be-
cause they were close to each other and had the same rock type of the overbur-
den strata. 
Figures 5.46 to 5.48 show the correlation between the extensometer move-
ments and well water level fluctuations. The horizontal axis refers to the distance 




anchor movement in inch and the water column in wells in  ft. Figures 5.46 and 
5.47 show that the water tables in shallow and deep wells started to decline 
when the anchors movement were 1.8 in, and the borehole was about 220 ft inby 
the longwall face. The rate of water table decline was 0.15 ft per ft of face ad-
vance. The W1 shallow well was located at the same elevation as the anchor (1. 
3. 5), and the tensile strain of the bottom strata between anchors (1. 3. 5) (1. 3. 4) 
and (1. 3. 3) were 0.84%, 0.3% and 0.95% respectively (Figure 5.49). The water 
in the shallow well flowed into the underlying strata due to the large strains. The 
anchors (1. 2. 1) to (1. 2. 6) acted as a unit (Figure 5.49). Their horizontal con-
ductivity was decreased after the overburden strata recompressed. Therefore, 
the layer from anchors (1. 2. 1) to (1. 2. 6) acted as an aquiclude layer. The W1 
deep well dropped temporarily when the underlying strata were subjected to the 
dynamic tensile strain waves and quickly rebound to its original level or a higher 
water level because the deeper three anchors (1. 1. 1) to (1. 1. 3) acted as an 
aquiclude layer.  
Figure 5.50 shows the W1S and W1D strata movements recorded by the bo-
rehole camera after longwall mining on 8/5/2009. The PVC pipe of W1 shallow 
well (Figure 5.49A) was so badly warped at the depth of 24 ft from the surface 
that the borehole camera with a diameter of 1 in could not pass through the cross 
- section. Figure 5.49B shows the the PVC pipe of W1D well was cut off at the 
depth of 46 ft from the surface, which was 6 ft deep from the bottom of the shal-
low water (Figure 5.49). It was concluded that the shallow water dropped to the 



































5.7 Slug Tests to Determine the Post-mining Hydraulic Conductivity of 
Panel B6 
The post-mining hydraulic conductivity for panel B6 should be determined in or-
der to analyze the groundwater flow system after panel B6 was mined out. The 
slug tests for W1-W3 wells were performed 10 months after the longwall face of 
panel B6 passed under the three well locations, i.e., the slug tests were per-
formed in September 2009. Before doing the slug tests, all wells were checked 
carefully in order to determine whether they were needed to inject or withdraw 
volumes of water during the slug test. W1S, W1D, W3S, W3I and W3D wells 
were badly warped due to subsidence when panel B6 was mined, and W2S, W2I 
and W2D well were completely dewatered. Therefore, all slug tests in water wells 
W1-W3 were performed by instantaneously injecting a volume of water, and 
measuring and recording the depth to the water and the time at each reading. 
Figure 5.51 shows the cross section depicting a slug test in a monitoring well.  
Equation 4.1 was used to determine the hydraulic conductivity using the Bouwer 
and Rice method. AQTESOLV for Windows provides visual and automatic me-
thods for matching the Bouwer-Rice (1989) solution to slug test results. This 
easy-to-use and intuitive software provides rapid and accurate determination of 
aquifer properties. Figures 5.52-5.59 show the post-mining results of slug tests 
on the water wells. Table 5.3 summarizes the hydraulic conductivity in both pre- 






Figure 5.51 Schematics of slug test performed by injecting a volume of water 
Table 5.3 Summary of hydraulic conductivity by slug tests 
Water wells 
Conductivity 
( ft/day ) (Pre-Mining) 
Conductivity ( ft/day) 
(Post-Mining) 
W1S, Shallow well at W1 0.65625 0.4902 
W1D, Deep well at W1 0.6825 1.6900 
W2S, Shallow well at W2 0.683 0.1023 
W2I, intermeadiate well of W1 0.03421 0.0524 
W2D, Deep well at W2 0.034175 8.088 
W3S, Shallow well at W3 2.15 8.299 
W3I, intermeadiate well of W3 4.95765 0.187 





















































CHAPTER 6. GROUNDWATER MODELING 
6.1 Purpose of Groundwater Modeling 
A numerical groundwater flow model is the mathematical representation of an 
aquifer in a computer. Groundwater models describe groundwater flow and 
transport processes using mathematical equations based on certain simplifying 
assumptions. These assumptions typically involve directions of flow, geometries 
of the aquifers, the heterogeneity or anisotropy of sediments or bedrocks within 
the aquifers. Because of the simplifying assumptions embedded in the mathe-
matical equations and many uncertainties in the values of data required by the 
model. The models should be viewed as an approximation and not an exact dup-
lication of field conditions (Mandle, 2002). 
The purpose of this project was to simulate the groundwater flow directions 
and transportations over the mined panels B5 and B6. It was used to: 
A. Predict the groundwater flow system of pre- and post-subsidence of pa-
nels B5 and B6. 
B. Evaluate whether the longwall subsidence affected the groundwater re-
gimes. 
In this study, groundwater flow models were used to calculate the groundwa-
ter flow and direction of movement throughout the shallow aquifers. These calcu-




quires a thorough understanding of the hydrogeologic characteristics of the study 
area. The hydrogeologic investigation should include a complete characterization 
of the following features: 
A. Subsurface extent and thickness of aquifers and confining units (hydro-
geologic framework). 
B. Hydrologic boundaries (also referred to as boundary conditions), which 
control the rate and direction of movement of groundwater. 
C. Hydraulic properties of the shallow aquifers and confining units. 
D. Description of the horizontal and vertical distribution of hydraulic heads 
throughout the study area for beginning (initial) and equilibrium (steady-
state) conditions.  
E. Distribution and magnitude of groundwater recharge rate, evaportranspira-
tion, leakage to, or from, surface-water bodies.  
The groundwater flow models used in this study predicted how water levels 
change before, during, and after mining at a site located over longwall panels B5 
and B6. The study deals specifically with water level fluctuations in aquifers uti-
lized for domestic water supplies, the top layer water resources. The models also 
can make water levels prediction over future panel layouts using similar methods 




6.2 Theory of Groundwater Modeling  
Water flows from high elevation to low elevation. In 1856, a French hydraulic en-







 3  [L /T] (6.1) 
where: 
Q  Rate of fluid flow [L3/T]. 
K  Hydraulic conductivity [L/T] 
A  Cross sectional area [L2] 
h1  Height of the inlet head [L]  
h2  Height of the outlet head [L] 
l  Path length of the flow [L] 
Equation 6.1 is called the Darcy’s law. The rate of fluid flow through a porous 
medium is directly proportional to the cross-sectional area and the loss of the hy-
draulic head between two points of measurements, and it is inversely proportion-
al to the travel length, K is the proportionality constant called hydraulic conduc-
tivity. 








Hydraulic conductivity is dependent on the properties of both the porous me-













K  Hydraulic conductivity [L/T] 
k   Permeability [L2] 
   Density of the fluid [M/L3] 
g  Acceleration of gravity [L/T2] 
   Absolute viscosity of the fluid [N s/m2] 
 
Figure 6.1 Net flow of the representative elementary volume (REV)  
 
Figure 6.1 shows the water flow into and flow out of an elemental cube 
whose sides of length are  x,  y and  z. the water balance is : 




Outflow along the x-axial is: 
 [(qx)out – (qx)in]  y  z  (6.5) 
or: 
 





Therefore the flow rate change along the x axis is: 
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The total change in flow rate is equal to the change in storage: 
 
q q q
x  y  z x  y  z x  y  z= change in  Storage
x y z
  






If pumping wells or injection wells are considered within the REV, the volu-
metric inflow rate is defined by Rxyz. R is a term of recharge ( + ) or dis-
charge ( - ). 




 SV=-S h x  y  z      (6.11) 
Where: 
Ss  Specific storage, which is defined to be the volume of water released 
from storage per unit in head (h) per unit volume of aquifer. 
 ( )SS n     (6.12) 
 
Where: 
 The specific weight of water [ML-2T-2]) 
 The compressibility of the bulk aquifer material [LM-1T2]) 
n The porosity of the material 
 the compressibility of water [LM-1T2] 
Therefore, the rate of change in storage in this REV is: 
 S
V h




   
(6.13) 
Combing equations 6.10 through 6.13 and dividing it by xyz, the new wa-
ter balance equation is: 
 S
q q q dh
=-S R
x z z dt
  
  
    
(6.14) 
Therefore: 
The general governing equation for transient, heterogeneous, and anisotrop-
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x x y y z z t
      

      
 
(6.15) 
The general governing equation for steady-state, heterogeneous, and aniso-
tropic conditions with a source/sink term is: 
 ( ( (x y z
h h h h h
K )+ K )+ K )=-R
x x y y z z
     
     
 
(6.16) 
The general governing equation for steady-state, homogeneous, and isotrop-
ic conditions with a source/sink term is: 
 
2 2 2
2 2 2x y z
h h h







h  Piezometric head 
K  Hydraulic conductivity 
S  Storage coefficient, S=bSs  
B  Aquifer thickness 
Ss  Specific storage 
T  Transmissibility, T=bK 
t  Time 
x, y, z orthogonal coordinate system 
R  Recharge/ discharge rate 
The hydraulic conductivities are very heterogeneous in the study area. It is 




Therefore, to simplify the study, the general governing equation for steady state, 
homogeneous, and isotropic conditions was used to solve the groundwater flow 
systems in the study area 
6.3 Concept Model and Grid Design 
The purpose of building a conceptual model is to simplify the field problem and 
organize the associated field data so that the system can be analyzed more rea-
dily (Anderson, 1992). The conceptual model represents our best idea of how the 
aquifer works. A good conceptual model requires compiling detailed information 
on the geology, water quality, recharge, rivers, water levels, and hydraulic para-
meters. 
1. Model Domain and Geometry 
In order to analyze the influence of longwall mining on local and regional areas, 
two types of groundwater flow models were developed. One is a groundwater 
flow model around the longwall panels to demonstrate detail of the impacts of 
longwall mining on groundwater system (called a local model). Another is a large 
area of groundwater flow system to analyze the influence of longwall panels on 
longwall panels B5 and B6.  
The boundary of the local study area were defined by Whiteley Creek, the di-
viding ridges between Frosty Run and Woods Run, the dividing ridges between 
the Patterson and Dyer Fork, and the dividing ridges between Whiteley Creek 
watersheds and the South Fork Tenmile watersheds. The distance from south to 




square miles. Figure 6.2 shows the boundary of the local study area. The region-
al study area covered an area enclosed by South Fork Tenmile River, Muddy 
Creek, South Branch, Minor Run, Whiteley Creek and Smith Creek. The distance 
from south to north was 7.78 miles and east to west was 9.68 miles. The total 
area was 58.08 square miles. There were three watersheds or drainage divides 
in the regional study area: Whiteley watershed, South Fork Tenmiles watershed 
and Muddy watershed. Figure 6.3 shows the boundary of the regional study area 
2. Concept Model Design 
In order to simplify the study field environment, the geologic formations from the 
ground surface to the Pittsburgh coal seam level were reduced to six layers of 
aquifers and confining bed units. The top layer covered layers from the surface to 
the roof of sandstone of the upper Waynesburg Formation (WF) 
The top layer consisted of Greene Formation (GRF) and Washington Forma-
tion (WSF). The rock types in these Formations were gray shale, black shale, li-
mey shale and sandy shale. They were combined into a single hydrostratigraphic 
unit because these two Formations were difficult to separate the confining units 
from the aquifers. They were considered as a surface fractured aquifer due to the 
surface cracks. The shallow and intermediate wells were located in this layer. 
The sandstone layer at the top of the Waynesburg Formation (WBSF) was the 
second layer. The strata between the second layer and the Waynesburg sand-
stone (WBSS) were the third layer, which consisted of gray shale, black shale 
and thin limestone. The Waynesburg sandstone and the Uniontown sandstone 




mestone above the Sewickley Coal was the fifth layer. The bottom layer was the 
lower part of the Pittsburgh Formation, 59 ft thick from the Pittsburgh coal seam. 
It was located below the strong Sewickley Limestone (22-32 ft in thickness). Fig-
ure 6.4 shows the conceptual model of geological cross-section. 
3. Grid Design and Boundary Conditions 
Figures 6.5 and 6.6 show the model summary and boundary conditions of the 
local groundwater model design, respectively. The grid spacing of rows and col-
umns were 50 by 50 ft. The numbers of grid rows and columns were 574 and 751, 
respectively. A perennial stream such as Whiteley Creek was considered as a 
constant head boundary. All the streams in the model were defined as drain cell 
boundaries. 
Figures 6.7 and 6.8 show the model summary and boundary conditions of 
groundwater regional model design, respectively. The grid spacing of rows and 
columns were 100 by 100 ft, twice as larger as that of the local model. The num-
bers of grid rows and columns were 485 and 580, respectively. The boundary 
conditions were defined with mountaintops (dividing ridges) as No-Flow bounda-
ries. For the perennial streams such as: South Fork Tenmile River, Muddy Creek 
River and Whiteley Creek River, the water tables were relatively constant, not 
influenced by weather or longwall mining. So they were defined as constant head 
boundaries. Streams within the regional area were defined as drain cell bounda-
ries. 


























































6.4 Pre-subsidence Groundwater Flow System in Panel B6 
Pre-subsidence hydraulic conductivity for panel B6 was determined by the slug 
tests that were done before the longwall affected the study area. It was calcu-
lated by the Bouwer and Rice method, and plotted from Figures 4.2 to 4.14. 
These figures showed that the hydraulic conductivity changed considerably with-
in a given panel such as that the hydraulic conductivity for W1S and W2S were 
0.6801 ft/day and 0.3899 ft/day, respectively. The horizontal distance between 
W1 well and W2 well was 596 ft. The intermediate well W2I, by comparison, was 
more reliable than the other intermediate wells because the diameter of W2I well 
was 4 in, not 2 in for other wells. The perimeter of PVC pipe for W2I well was 
larger than that of other intermediate wells. As a result, the hydraulic conductivity 
of the surrounding strata for W2I was a little more representative than that of the 
other wells that had smaller cross-sections of PVC pipes. Therefore, the conduc-
tivity of the W2I intermediate well, 0.03421 ft/day, was used for the layer 1 of 
groundwater flow model. For the same reason stated above, the conductivity of 
layer 4, which was the conductivity of W2D, 0.03471 ft/day, was used in the 
groundwater flow model. 
Since no slug tests were performed for the layers 2, 3, 5 and 6 and other 
sites beyond the boundary of panel 6 in the study area. Their hydraulic conduc-
tivity was determined by data obtained by other researches in Greene County 
(Karacan & Goodman, 2009; Matetic and Elsworth, 1995; Stoner, 1987). Mean-




tical conductivity in the model was assumed to be equal to the horizontal conduc-
tivity.  
The recharge rate (R) and evapotranspiration (ET) were discussed in sec-
tions 3.3 and 3.4, respectively. The R and ET in 2001 were 1.59810-3 and 
8.3310-4 ft/day, respectively. However, the best values of R and ET were deter-
mined to be 2.510-4 and 5.510-5 ft/day, respectively, after calibration of the 
groundwater flow model with the monitored results of water well elevations in the 
panel B6. Table 6.1 shows the final input parameters in the groundwater flow 
models. 






Kx Ky Kz 
ft/day ft/day ft/day ft/day ft/day 
1* Gray Shale 0.03421 0.03421 0.03421 2.510-4 5.510-5 
2# Sandstone 0.012 0.012 0.012 
  
3# Gray Shale 0.027 0.027 0.027 
  
4* WBSS and UNSS 0.03471 0.03471 0.03471 
  
5# Limestone 0.0005 0.0005 0.0005 
  
6# 
Gray shale and 
Pittsburgh coal 
0.0005 0.0005 0.0005 
  
* hydraulic conductivity was determined by Slug tests in this dissertation. 
# hydraulic conductivity was determined by previous researchers in Greene County 
 
A three dimensional finite difference model, Groundwater Vistas, was used to 
develop a groundwater flow model in the local and regional study areas. These 




study area. Figures 6.10 and 6.11 show the pre-mining surface water table con-
tour maps of the local and regional study areas, respectively. The groundwater 
flow directions and hydraulic heads of the top layer correspond with surface to-
pography. The water flow directions were from high elevations (mountaintops) 
towards lower valleys. 
Figure 6.10 shows the groundwater contour lines in the local study model. In 
groundwater flow model (GWM) three big runs: Frosty Run, Dutch Run, and 
Dyers Fork Run flowed into Whitely Creek River. The water from Mt. Phoebe Run 
and Dutch Run flowed above longwall panels B5 and B6. The maximum hydrau-
lic head in the local model was 1,210 ft, which was at the north no-flow boundary. 
The minimum hydraulic head was from 1,020 ft to 980 ft, respectively, which was 
in the Whiteley Creek. The groundwater flow direction in the local model was 
from the north boundary side to the south boundary side. The hydraulic gradient 
was about 9.3610-3 ft/ft. The hydraulic heads in panels B5 and B6 were from 
1,170 ft to 1,120 ft. The groundwater flowed from northwest corner of panel B5 to 
the southeast corner of panel B6. There was 50 ft of hydraulic head difference 
above the panels B5 and B6. 
As discussed in the previous section, the top groundwater layer in the model 
consisted of the Greene and the Washington Formations, where the shallow 
wells and the intermediate wells were located. These two formations consisted 
chiefly of gray shale, sandy shale, black shale and thin limestone. As a result, it 
was very hard to separate the same type of rock into different aquifer layers or 




mediate wells may be localized water tables or local perched aquifer water tables. 
It was very hard to find an aquiclude layer to separate from the shallow water ta-
ble to the intermediate water elevation. In this study, both shallow and interme-
diate water elevations were used to compare with the water table of the first layer 
in the model. Tables 6.2 and 6.3 show the comparisons between observations 
and model predictions for both local model and regional model. 
Tables 6.2-A and 6.3-A show that the results of observations from the shal-
low water wells in panel B6 showed that the measured water tables were almost 
the same as that of the model predictions. Conversely, the water elevations from 
the W3 and W4 shallow wells were much different than that of the model predic-
tions. The reason was that the hydraulic conductivities in model were from the 
slug test performed in panel B6. It was obviously that the hydraulic conductivity in 
study area was greatly heterogeneous. 
Tables 6.2-B and 6.3-B show comparison of the water elevation between the 
observations of the intermediate wells and the model predictions. The difference 
of water tables between intermediate well and model prediction was bigger than 
that between the the shallow well and model prediction. Therefore, the water ta-
ble in the top layer of the model was assumed to be equal to the water table of 
the shallow wells. 
Figure 6.11 shows the groundwater flow directions and hydraulic heads of 
the regional model. The groundwater flow regime in the regional model was di-
vided by three watersheds: the Whiteley Creek, the South Fork Tenmile Creek 




watershed. The maximum hydraulic head was 1,190 ft, which was at the moun-
taintop between the Whiteley Creek watershed and the South Fork Temile Creek 
watershed. The minimum hydraulic head was 980 ft in Whiteley Creek. The hy-
draulic gradients in the three watersheds were about 8.8410-3 ft/ft, 8.0710-3 ft/ft 
and 15.3810-3 ft/ft for Whiteley Creek, South Fork Tenmile Creek and Muddy 
Creek, respectively. 
As discussed above, the water elevations from shallow wells were almost the 
same values as the regional model (Figure 6.11). The difference of water tables 
between intermediate well and model prediction was bigger than that between 
the shallow well and model prediction. It was concluded that the water elevations 
















Table 6.2 Comparison of water table between observations and model predictions 
(Pre-subsidence local model) 
(Shallow well vs. model prediction) 












Observation Model prediction % 
W1S 1,112 1,112 0 0.00 
W2S 1,130 1,131 -1 0.00 
W3S 1,172 1,138 34 2.90 
W4S 1,348 1,157 191 14.17 
 
 
Intermediate well vs. model prediction 












Observation Model Prediction % 
W1I N/A 1,112 N/A  
W2I 1,104 1,131 -27 2.44 
W3I 1,108 1,138 -30 -2.71 






Table 6.3 Comparison of water table between field data and model  
(Pre-subsidence regional model) 
(Shallow well vs. model prediction) 
Water elevation (ft) Difference be-
tween observa-




ference to water 
elevation 




W1S 1,112 1,110 -2 0.17 
W2S 1,130 1,129 -1 0.00 
W3S 1,172 1,135 37 3.16 
W4S 1,348 1,150 198 14.78 
 
(Intermediate well vs. model prediction) 







ference to water 
elevation 
Water well Observation Model Predic-
tion 
% 
W1I N/A 1,110   
W2I 1,104 1,129 -25 2.26 
W3I 1,108 1,135 -27 -2.44 
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6.5 Post-subsidence Groundwater Flow System. 
The post-subsidence horizontal hydraulic conductivity for the layer 1, and layer 4 
over the panel B6 was determined by slug tests after longwall past the water 
monitoring wells for 10 months. The post-subsidence horizontal conductivity for 
the panel edges was approximately several orders of magnitudes larger than that 
of the pre-subsidence condition. The post-subsidence hydraulic conductivity ap-
peared to have decreased over the center of the panel B6. For layers 2, 3, 5 and 
6, the post-subsidence hydraulic conductivity was estimated because some lay-
ers were not tested by the slug tests in the field due to the fact that after subsi-
dence, the 2 in. PVC pipe became too warped to perform the slug tests. Some 
layers, especially for deeper layers, could not be tested by the slug tests. Those 
data were acquired from published research results in Greene County. The mine 
water pumped from the panels B5 and B6 was estimated to be about 10,000 
gal/day (1,337 ft3/day) after longwall mining. 
Longwall mining causes fractures of the bedding planes of the overburden 
strata, especially vertical fractures. Therefore, the vertical hydraulic conductivity 
is usually larger than that of horizontal hydraulic conductivity. Considering the 
lack of field data, the vertical hydraulic conductivity was assumed to be 5 times 
larger than that of the horizontal hydraulic conductivity. Table 6.4 shows the pre- 
and post-subsidence hydraulic conductivities used in the local and regional 





      Table 6.4 the post-subsidence hydraulic conductivity 
W1S W1D W2S W2I W2D W3S W3I W3D Horizontal Vertical
Pre-Subsidence K1 0.03241 0.03241 0.16205
Panel Edge (post-
subsidence)
K7 0.1023 0.0524 8.299 0.187 0.187 0.935
Panel Center  (post-
subsidence)
K8 0.4902 0.03421 0.17105




Panel Center  (post-
subsidence)
K10 0.01 0.05




Panel Center  (post-
subsidence)
K12 0.027 0.135
Pre-Subsidence K4 0.034175 0.034175 0.170875
Panel Edge (post-
subsidence)
K13 8.08 0.9787 8.08 40.4
Panel Center  (post-
subsidence)
K14 1.69 1.69 8.45




Panel Center  (post-
subsidence)
K16 0.000436 0.00218




Panel Center  (post-
subsidence)
K18 6 30
Layer 1                                             
shallow overburden layer 
(W1S,W2S,W2I,W3S,W3I)
Layer 2                                    
Washingtone Sandstone Layer
Layer 3                                                        
Gray shale Layer
Layer 4                                    
Waynesburg Sandstone and 
Uniontwon sandstone Layer
Layer 5                                          
Benwood limestone layer
Layer 6                                                 
Lower Pittsburgh Formation 
layer










Figure 6.12 shows the water table contour lines after mining of panels B5 
and B6 in the local model. All of the water in three big runs flows from mountain-
top of northern boundary to the Whiteley Creek. The maximum hydraulic head in 
the local model was 1,200 ft, which was at the north no-flow boundary. The min-
imum hydraulic head was from 1,020 ft to 980 ft, which was in the Whiteley 
Creek. The water tables around the mined out panels B5 and B6 dropped to an 
elevation of 1,065 ft, the maximum amount of 95 ft lower than that of pre-
subsidence condition. The hydraulic gradients in the north side above panels B5 
and B6 were about 27.8210-3 ft/ft, and 5.1910-3 ft/ft in the south side (downside) 
of the panels. The post-subsidence hydraulic gradients around the mined out pa-
nels became steeper than that of pre-subsidence condition. The depressed water 
elevations in the mined out panels flowed from the northwest corner of the panel 
B5 to the southeast corner of the panel B6. The maximum post-subsidence water 
table difference between panels B5 and B6 was 10 ft. It indicated that the im-
pacts of longwall mining on panels B5 and B6 was a drop of almost 90 ft of the 
water elevation after longwall mining subsidence.  
Tables 6.5A and 6.6A show the water table comparison in the shallow wells 
between post-subsidence of panels B5 and B6 and post-subsidence model pre-
dictions. All of the water in the shallow wells completely dropped below the bot-
toms of wells, i.e. wells ran dried. It indicated that the post-subsidence water 
tables in the shallow wells did not rebound after 13 months of longwall face 
passed under the well locations. It also indicated that the post-subsidence water 




Table 6.5B shows the water table comparison in the intermediate wells be-
tween post-subsidence of panels B5 and B6 and post-subsidence model predic-
tions. The water elevation of local model prediction was 1,060 ft that was lower 
than the observation of the intermediate wells of post-subsidence, for instance, 
the post-subsidence water tables for W2I and W3I were 1,090 ft and 1,110 ft re-
spectively. It indicated that the local model underestimate the post-subsidence 
water tables of panels B5 and B6. This anomaly might be caused by the northern 
no-flow boundary near the panel layout that affects the recharge rate of post-
subsidence in the panels B5 and B6. 
Figure 6.13 shows the post-subsidence water table contour lines in panels 
B5 and B6 in the regional model. The post-subsidence groundwater flow system 
did not affect the three pre-subsidence watersheds. The maximum influence dis-
tance was about 1,500 ft from the northwest corner of the mined out panel B5. 
The water able beyond the mountaintop in the north was not affected by the 
longwall mining. However, the water flow system around panels B5 and B6 was 
affected by the longwall subsidence, and the maximum water table dropped from 
pre-subsidence 1,170 ft (edge of panel B5) to around 1,120 ft (edge of panel B5), 
i. e., there was a 50 ft water table drop. The water table hydraulic gradient was 
24.710-3 ft/ft in the northern area of panel B5, 10.810-3 ft/ft in the southern area 
of panel B6. The post subsidence hydraulic gradient was larger than that of pre-
subsidence condition. The hydraulic gradients near the recovery room (the west 
end of panel) were greater than that near the setup room (the east end of the 




ble 6.6 shows the comparison of water elevations between observations and 
model prediction. The observations of W2I was 1,090 ft which was very close to 
the model prediction of 1,110 ft. Considering that water well W2I had been moni-
tored for 13 months after the longwall face had passed under it, it may continue 
to recover to the value of model prediction. The post-subsidence water elevation 
of W3I was 1,110 ft which was the same as the regional model prediction. It was 
concluded that the regional groundwater model was very good for predicting the 
pre- and post-subsidence water elevations. 
Figure 6.14 shows the water table drawdown contour lines after longwall min-
ing. The maximum water table dropped 50 ft, which was at the edge of panel B5. 
The assumed edge of water table drawdown was 5 ft, which was 10% of the 
maximum water table drawdown. In general, the water table drawdown was larg-
er around the recovery room than the setup room. The water table drawdown 
was smaller over the streams than the other areas. The water table drawdowns 
were about -5, -22, -28 and -41 ft for the W1, W2, W3 and W4 intermediate wells, 
respectively. The maximum influence distance of the post-subsidence water table 
drawdown in the northern side was 2,911 ft from the edge of panel B5, and 1,688 
ft in the southern side (downside) from the edge of panel B6. It indicates that the 
influence of water table drawdown after longwall mining was localized and did not 
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Table 6.5 Comparison of water elevation between observation and model prediction 
(Post mining of local model) 
(Shallow well vs. model prediction) 











Water wells Observation Local model % 
W1S 0 1,065   
W2S 0 1,065   
W3S 0 1,065   
W4S 0 1,065   
 
 
(Intermediate wells vs. model prediction)-B 












Water well Observation Local Model % 
W1I N/A 1,065   
W2I 1,090 1,065 25 2.29 
W3I 1,100 1,065 35 3.18 







Table 6.6 Comparison of water elevation between observation and the model pre-
diction (Post mining of regional model) 
(Shallow well vs. model prediction) 











Water well Observation Regional model % 
W1S 0 1,065   
W2S 0 1,065   
W3S 0 1,065   
W4S 0 1,065   
 
 
(Intermediate well vs. model prediction) 











Water well Observation Regional model % 
W1I N/A 1,106   
W2I 1,090 1,110 -20 -1.83 
W3I 1,100 1,110 -10 -0.91 








6.6 Summary and Conclusions 
Groundwater flow models using Groundwater Vistas program were developed to 
predict the pre- and post-subsidence water table contour lines in panels B5 and 
B6. Initially, the input parameters such as hydraulic conductivity, ET and re-
charge were calibrated by the monitored results of the water wells. The predicted 
hydraulic heads contour lines were plotted only in the first layer. These hydraulic 
head contour maps reflected the changes in the groundwater flow systems be-
fore and after longwall mining.  
The local and regional pre-mining models predicted accurate hydraulic heads 
comparing with the observation of shallow water wells during the pre-mining pe-
riod. However, for the post-subsidence groundwater models, the local model 
predicted lower water tables than observed. Conversely, the regional model pre-
dicted more accurate water tables than that of the local model after having cali-
brated with the results of observations of the W2I and W3I water wells. 
The longwall face in panel B6 passed the water wells on 11/09/2008. The 
water in W2S, W2I and W2D was totally lost after the longwall face passed under 
them. The water table recovered to 1,090 ft on 10/02/2009. It may have contin-
ued to rise to 1,110 ft that the model predicts if monitoring was continued. The 
water table in W3I declined slightly and substantially rebounded to 1,110 ft. 
The conclusions from the regional model are 
A. There are three watersheds or drainage divides in the pre- and post-
subsidence models: Whiteley Creek watershed, South Fork Tenmiles wa-




B. The post-mining hydraulic gradients around panels B5 and B6 were larger 
than the pre-mining condition. 
C. In this model, the maximum pre-mining water elevation around panels B5 
and B6 was about 1,170 ft (edge of panel B5). The water table dropped to 
about 1,120 ft (edge of panel B5) after longwall mining subsidence. It indi-
cated that there was 50 ft drop caused by the undermining. 
D. The calibration between observations in the field and model predictions 
showed a big difference in panel B5. This difference may be due to the fol-
lowing reasons; 
a) The hydraulic conductivity determined by slug tests was limited to panel 
B6. Its conductivity may not be applicable to panel B5 and the whole 
study area.  
b) There were only two post-mining water elevations available. Therefore, it 




CHAPTER 7. SUMMARY AND CONCLUSIONS 
In this research, the post-subsidence groundwater flow directions and hydraulic 
heads have been modeled using the Groundwater flow model, Groundwater 
VISTA techniques. This model represents an approximation of the field hydraulic 
environment of the study area by means of steady state homogenous and isotop-
ic equations. 
This study is a site-specific hydrogeologic analysis conducted before, during 
and after longwall mining at a site located over the selected longwall panels B5 
and B6. Data from subsidence, surface water table observations and extensome-
ter readings over the study panels were collected, compiled and analyzed. The 
purpose of this study was to provide documentations of the strata mechanics and 
ground water fluctuations caused by longwall mining. The study dealt specifically 
with water level fluctuations in aquifers utilized for domestic water supplies. 
The bedrock geologic map, generalized geologic column and geologic cross-
sections have been studied. The water bearing zones of overburden strata occur 
at the bedding-plane openings between different rock types. The main water 
bearing zones in the study area occur in the lower and middle members of the 
Waynesburg Formation  
In order to accurately define the dynamic and final subsidence occurring over 
the study panels, a subsidence-monitoring network was necessary. Survey sta-




aligned both parallel and perpendicular to the mining direction. This network al-
lowed subsidence to be monitored for both dynamic and final subsidences. 
Three monitoring wells, each of which was drilled to three depths to investi-
gate the possibility of the existence of hydraulically distinct shallow, intermediate 
and deep groundwater systems (all wells were marked with “S”, “I”,”D” indicating 
shallow, intermediate and deep). The shallow and intermediate wells in panel B6 
were drilled to depths of around 50 and 150 ft, respectively, where the water 
bearing zone was known (Thomas, 2008) and from which most groundwater was 
obtained (Stoner, 1987). The deep wells were drilled to the Waynesburg Sand-
stone. This depth was chosen because local drillers indicated that the most pro-
ductive aquifers were above the Waynesburg sandstone, which was the maxi-
mum depth for domestic wells in the vicinity of the study area (Stoner, 1987). 
Monitoring the overburden strata was to identify the separations between the 
fracture and deformation zones. The multiple point extensometers (MPBX) were 
installed at different locations above the longwall panel B6. The different readings 
of each anchor were corresponding to the relative displacements of the overbur-
den strata where the anchors were located. 
Hydraulic conductivity, groundwater recharge rate and evapotranspiration 
were the input parameters for the groundwater flow model. The hydraulic con-
ductivity was determined by the slug tests in the field. The recharge rate was cal-
culated based on the base-flow record estimation. The calculation of evapotrans-
piration was based on actual temperature, dew point temperature, relative humid-




The groundwater flow model describes groundwater flow and transportation 
using mathematical equations based on certain simplifying assumptions. In this 
study, the maps of groundwater flow directions and hydraulic heads of pre-and 
post-subsidence in panels B5 and B6 were plotted, and hydraulic heads were ca-
librated by observations of water wells in different depth. 
Based on the results of this study, the following conclusions can be made 
about the overburden strata movement and groundwater flow due to longwall 
mining: 
The front tension zone of the dynamic subsidence created new fractures and 
enlarges the existing openings, increasing the porosity and permeability above 
the longwall face, and causing the surface water table to drop down to the under-
lying aquiclude strata. This phenomenon could be verified by the observations of 
water totally lost in the shallow and deep wells when the longwall face was under 
them. The water tables generally recovered right after the fractures had been re-
compressed, especially the water wells at the center of the panels. 
The final strain profile showed that the tensile stress near the panel edges 
was more than 610-3 ft/ft, the critical value of water lost in the tension zone. The 
surface water flowed through fractures in the tension zone into the underlying 
strata. This phenomenon could be verified by the occurrence of surface cracks 
after longwall mining. 
The extensometer readings and strain analysis after longwall subsidence 
showed that large bed separations were located at the contact planes of different 




separations between the bottom of UNSS (Uniontown Sandstone) and underlying 
gray shale. Normally, the fractured zone was below the UNSS, and the deforma-
tion zone was above the UNSS. 
Correlations among subsidence, strata movement and groundwater table 
fluctuation showed that the groundwater table completely dropped in the wells 
located above the large tensile zone and recovered substantially if the strata 
were recompressed after longwall mining. If the overburden strata that were sur-
rounding the wells moved as a unit after the longwall mining and the water wells 
were located above the Waynesburg Sandstone, the water tables were affected 
temporarily and recovered gradually after the overburden strata movement had 
settled down. This phenomenon could be verified by the intermediate well fluctu-
ations during the longwall mining period (12/3/2009). 
Observations of the shallow wells of the pre- and post- subsidence showed 
that the the shallow wells were completely dewatered after longwall subsidence. 
It did not reappear at the end of the water table monitoring period (12/13/09). 
Observations of the intermediate wells of the pre- and post- subsidence 
showed that the water elevations declined when the longwall face was under the 
wells and rebounded after longwall subsidence. The water elevation in W2I well 
rebounded about 10 months after the longwall passed it. The water elevation in 
W3I dropped about 30 ft for 15 days after longwall mining and rebounded to 
higher water level than that of pre-mining condition. This phenomenon shows 




diate wells to prevent the water in the intermediate well from draining down to the 
underlying strata.  
Observations of the deep wells of the pre- and post- subsidence showed that 
for the deep well at the center of the panel, the water elevations rebounded 
quickly after longwall subsidence. For the deep wells at the edge of panel, W2D 
and W3D, the water elevations had never rebounded about 13 months after 
longwall mining. It was concluded that the hydraulic conductivity of the bottom 
strata of these two deep wells became larger than pre-mining and might have 
caused connection to the gob area. All of the water that flowed into the deep 
wells drained into the gob area. 
The groundwater flow models using Groundwater Vistas program were de-
veloped to predict the pre- and post-subsidence of water table contour lines in 
panels. B5 and B6 based on the hydraulic parameters. The input parameters of 
groundwater flow such as hydraulic conductivity, ET and recharge were cali-
brated by adjusting the hydraulic heads of pre- and post- subsidence conditions 
such that the modeled results matched the measured parameters.  
The predicted water tables both local and regional models was almost the 
same as the observations in the shallow well of panel B6. It was concluded that 
the water tables for both local and regional models represented the water flow 
system of pre-mining conditions in panels B5 and B6. 
The predicted hydraulic heads and groundwater flow directions of post-
subsidence in panels B5 and B6 in the local model were much less accurate than 




observations in W2I and W3I wells were 1,090 ft and 1,110 ft, respectively. Ob-
viously, the local model prediction was much conservative than the observations 
in the field. Conversely, there was little difference between observations in the 
intermediate wells and predictions in the regional model. Therefore, it was con-
cluded that the water table contour lines in the regional model of post-subsidence 
in panels B5 and B6 represented water table system in the study area. 
The water table drawdown contour lines after longwall mining showed that 
the maximum water table drawdown was 50 ft, which was at the edge of panel 
B5. In general, the water table drawdown was larger around the recovery room 
than the setup room. The water table drawdown was smaller over the streams 
than the other areas. The water table dropped about -5, -22, -28 and -41 ft for the 
W1, W2, W3 and W4 intermediate wells, respectively. The maximum influence 
distance of the post-subsidence water table drawdown in the northern side was 
2,911 ft from the edge of panel B5, and 1,688 ft in the southern side (downside) 
from the edge of panel B6. It indicated that the influence of water table drawdown 
after longwall mining was localized and did not affect the water table more than 
about 3,000 ft beyond the mined out panels. 
The hydraulic gradients of post-subsidence outside the panels became larger 
and smaller inside the panels than that of the pre-subsidence. The maximum wa-
ter table drawdown was 50 ft at the tailgate of panel B5, near the recovery room 
of panel B5. The maximum drawdown in panel B6 was 35 ft at the recovery room 
of panel B6. It was concluded that the groundwater hydraulic heads above the 




shallows wells that were less than 50 ft deep from the surface were affected by 
longwall mining subsidence. For the intermediate wells that were more than 85 ft 
deep (W2I), and strata movement acted as a unit during longwall mining subsi-
dence, i.e., it was not disturbed by longwall mining subsidence, the water eleva-
tions might drop due to the passing of tension cracks associated with the dynam-
ic subsidence during mining but rebounded quickly after longwall mining subsi-
dence. Therefore, the impact of longwall mining on the intermediate wells in the 
study area was minor. For the deep wells that was located below the Waynes-
burg Sandstone, the water drained to the underlying strata or even into the mine 
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Figure B18 Measured displace for borehole 3, anchors (3.3.4)-(3.3.6) (top) 
 
